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Richard  AlTrihjj 


ABaniACTt'^Eced  for  lotr-«oiaht,_cryogenlc  pressure  vessels  for  siasecreft 
resulted  inSA-SA-I.SHls-fundlog  an  Investi^ktlon  air  SOI.” to  acasure  grtijilte 
fi*w  coagaslta  proiiertleB  at  cryogenic  temperatures.  ;:CrooJ^eottyitioa  uas 
divided  into  six  tasks;  otOy  Tasks  1  and  E  are  reported  bereJa. 
an  investigation  of  secbanlcal  pronertlcf  of  several  fibers  a'd  reslhs  as 
coi^sito  stinnds,  sws,  end  HOb  ringS'.an$;.’'sboved  that  conpoeits  noduli  iucreased 
by  0  to  SOjt  at  -195*C,  and  cossxjslte  tensile  strengths  decreased  by  0  to  SOjf-  ■ 
Bending  fatigue  at  breaking  stress  and  1000  cycles  deteriorated  rings  less 
vhen  cold  than  shen'  at  roua  tcscpsracure.  Thenal  soatisction  tests  of  coqporites 
shoved  xhe  grepblte  fibers  to  have  a  alight  negative  poefficleat.  Coobintd  with 
resins  in  cot^posltsa,  tJij  resin  satnx  would  experience  up  to  l.Jjt  strain  when 
cold  due  to  its  theiial  coatractlon. 

Tast  IZrvas  the  design,  fabrication,  and  testing  of  graphite  filaaent 
vxnnd  pressure  vessels, and  was  contracted  to  the  Aero, isn- general  Corporation, 
Azusa,  California.  Vessel  ultlnate  strains  of  0.£  to  O.^jlvere  found,  which 
are  generally  c(ut>iti.ble  with  the  stainless  stsel  liners  used  or  with  other 
candidate  liner  sa  tcrlals.  “lUe  pressure  vcoaul  perfoxanneo  factor  of  IV^ 
shoved  the  graphite  vessels  to  be  ccxcetttive  with  boron  and  two-thirds  as 
as  flberglasr. 
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Xhu  report  describi!s  the  resuLVe  oV  tests  oif  snjpMte  fiber  coggosites  st 
cryogenic  te^perstxffcs.  Ihe  teats  to  get  prellalnary  data  leading  tcvaxd 
use  of  this  mteirlal  for  cryogenic  ta'dcage  for  spacecraft. 

This  report  svnoarlxes  the  results  of  Tasks  I  and  XC,  which  covered  the  period 
June  1S^7  -  August  1969.  Woric  is  continuing,  with  Tasks  HI  -  TI  In  p  /gress. 
A  report  will  be  Issued  on  Task  XH  a:sl  another  on  Tasks  IV  -  VZ.  Iho  work 
was  funded  as  MSA  Defense  Furclusa  Kegusst  0103606  by  the  Batlonnl  Aeronautics 
and  Space  Adslaistratlon  (MSA),  lewis  Betearch  Center,  Cleveland,  Cblo. 

The  MSA  Project  Mutagor  was  Kr,  B.  T%  lark. 
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1.  IRUtODUdlCR 

The  graphite  {or  graphitic)  fibers  are  caodidate  saterlals  for  aablng  con¬ 
tainers  for  prassurised  cryogenic  liquids.  PUaacnt  wound  coDV.iners  mde  froa 
these  fibers  sboull  give  wall  strains  of  1)1  or  less.  Use  of  glass  fibers  has 
given  strains  of  2  -  kit,  too  ble^  for  the  8<  tolu  capability  of  tb*  B^terlals 
lued  as  the  internal  liners  to  prcirent  leakr.re  (refs,  (a)  and  (b)).  But 
little  is  known  of  the  neehsnlcal  properties  o<  ^jhite  fibers  a-  cryogenic 
taverattnes. 

This  progtan  was  done  to  ob-.alu  data  on  the  strengths  and  aodiill  of  graphite 
fiber  coaposltes  at  tesgperatures  down  to  liquid  hydrogen  teiqierature.  Vurk  was 
dlTlded  by  MSI  into  Tasks  1  -  VI;  only  Tasks  Z  snd  n  are  reported  herein. 
Task  I  was  a  prelisdnary  Invratlgption  of  several  fibers,  resins  and  fiber 
finishes  in  various  eoahinations  as  unidirectional  coqposltes.^  Task  II  was 
the  design,  construction,  and  testing  of  filaaent  wound  pressure  vessels  using 
the  best  aaterlala  fron  Task  X.  Follow-on  work,  involving  Tasks  III,  IV,  V, 
and  VI,  ia  now  ruder  vay  at  this  laboratory  and  will  be  reported  sid>aequently. 

In.  :tigatloos  of  both  graphite  and  boron  in  this  application  at  other  labora¬ 
tories  are  being  pursued  (rafa.  (c)  and  (d)).  Bata  froa  all  of  these  tasks  are 
expected  to  find  eventual  us.s  in  the  design  of  filaosnt  wound  cryogenic  con- 
tainern  for  BAS^  spacecraft. 


n.  EXmOBRU.  WORK 


A.  TASK  I 


Task  1  was  an  exploratory  investigation  of  candidate  naterlals.  Five  fibers, 
two  resins,  and  three  fiber  surface  flnlshen  were  coabined  in  various  coabina- 
tionn  into  unidirectional  ccnqposlten  and  vested  for  Bechanlcal  properties  at 
roon  and  cryogenic  temperatures.  Hot  all  coablnations  of  naterlals  were  exposed 
to  all  tests;  sons  unpraolsing  caid)lnstions  vere  ellnlnated  early. 


1.  Ifeterials 

a.  Fibers. 

The  following  table  shows  the  fibers  used  in  this  study: 

Fiber 

Fom 

length 

Surface 
Treated  by 
IbnufOcturer 

Sized 

KAE  (ibrganlte)  I 

Tow 

6  Inches 

no 

Ho 

lOrgnnite  H 

Tow 

1  Ksler  & 
continuous 

SooB  untreated, 
soae  treated 

Ho 

Tbomel  $0 

2-Ply  lam 

Continuous 

Ho 

Yes  -  FVA 

aitco  BMO 

2-Ply  Yam 

Continuous 

HO 

Ho 

Saaco  320 

Tow 

6  inches 

Ho 

Ho 

1  Teak  I  was  done  by  the  Kaval  Ordnance  laboratory.  Stiver  Spring,  Hrryland 

2  Teak  n  waa  contracted  to  and  dona  by  Aarolet-Oeneral  Corp.,  Azusa,  Calif.; 
Ikoject  Manager  Blchard  Alfrlng.  ^ 
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fibers,  as  received,  were  experl aental  or  early  production  lots 
froB  aanuiacturers  and,  in  soae  cases,  exhibited  faults  vhich  vould  not  be 
expected  in  voluae  production.  Included  vere  breaks,  stiff  spots,  and  seal! 
fuzz  accuBuletiZos.  Poor  packing,  resulting  in  fiber  dsnage  durl^  shipoent, 
vas  soBCtln's  evident.  These  faults  nade  handling  the  fibers  and  getting  good 
coi^sites  mre  difficult,  figure  1  shous  fiber  yam  and  tov  on  spools;  no 
special  fiber  dasage  is  evident  in  this  photograph. 

b.  fiber  Surfa  ■  finishes,  fiber  surface  finishes  were  applied  to 
increase  the  resin-to -fiber  bond  and  to  detemine  the  effect  on  cosposite 
tensile  strengths.  The  foUewing  table  shous  the  finishes  tried: 

finish  Applied  to  fiber 

none  -  fiber  as  received  All 

Whlskerlng  All 

Hitric  Acid  Boll  Thomel  50,  HM5  25, 

RAE  Type  1,  and  SAICO  320 

"Khiskerlng”  is  n  process  of  depositing  B-sllicon  carbide  whiskers 
in  the  aoaunt  of  2  to  8)»  by  weight  on  the  surface  of  graphite  fibers  by  exposure 
in  a  furnace  to  specific  gases.  Vhlskerlng  has  produced  shear  strengths  of  up 
to  IhO  X  l(r  n/t^  (20,0CO  psi)  in  graphite  fiber  composites.  It  is  described 
oore  fuUj-  in  reference  (e).  The  nitric  acid  treataent  was  reported  by  Herrick 
(ref.  (f ))  and  consists  of  refluxing  the  fibers  in  70St  nitric  acid  for  24  hours 
and  then  water  washing.  Both  treatnents  reduce  the  tensile  strength  of  the 
fibers.  The  inclusion  of  such  treatnents  in  this  pregran  was  to  determine  if 
increased  resin-fiber  bond  vould  yield  unexpected  coi^site  results. 


Resins. 

Two  epoxy  resin  systeas  were  chosen,  os  follows: 

Resin  1. 

£3UA  2256  Resin 

ZZI.  0020  hardener 

27  Pbr 

Resin  2. 

Epon  020  resin 

Duodecenyl  succinic  anhydride 

U7  phr 

Sqiol  1040 

20  phr 

BKft 

1  phr 

All  ingredients  were  standard  or  commercial  grade.  Resin  1  vas 
chosen  os  a  standard  for  conpsurison.  Resin  2  vas  developed  by  Aerojet -General 
for  cryogenic  use  with  glass  (ref.  (g)). 

2.  Cogposltcs 

The  composites  nade  were  the  foUcwlng: 

a.  Strands.  A  strand  is  a  single  fiber  yam  or  tov  dlp-lspregnated 
with  resin,  bung  straight,  and  cured.  After  curing,  tabs  ere  bonded  to  the 
ends  for  gripping  in  a  tensile  strength  test  fixture.  Tie  general  procedure 
used  vas  essentially  what  is  now  a  tentative  ASTH  specification,  reference  (h). 
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Ficurc  2a  shova  a  typical  strand  ready  for  teat.  Strands  vere  used  to  asasitre 
the  tensile  strength  of  the  graphite  fibers. 

b.  aars.  Ihe  bar  dealgn  used  in  this  study  is  shown  in  Figure  2b. 

This  has  imidlrectlonal  fiber,  cut  to  length,  Inpregnatcd  with  resin,  then 
hsnd  laid  in  a  noU  and  cured.  After  curing,  electric  strain  gages  suitable 
for  cryogenic  liquid  Imeralon  were  bonded  to  each  bar  spcclnen.  Hie  bars 
vere  used  to  aeasure  tensile  ooduli  of  the  graphite  fibers. 

c.  MOL  Rings.  The  ROL  ring,  described  in  reference  (l))  was  used  as 
a  supplcaentaiy  speclsen  to  obtain  additional  tensile  aodulus  and  strength 
data,  and  it  also  was  used  to  obtain  tensile  fatigue  data  at  of  ultlsate 
stress  for  1000  cyelee.  Other  teats  run  using  ring  segaents  vere  short  beam 
interlaninar  shear  strengths  and  3-  or  It-point  flexural  strengths  snd  noduli. 
Flgitre  3  shows  an  ROL  ring  and  certain  fixtures  us-.d  in  testing  ROL  rings. 

d.  Coefficient  of  gherBail  aepansion  Speelaen.  The  coefficient  of 
theraal  expansion  apeelnen  constated  of  a  unldlrectronal  aolded  Jantnate  10  cm 
(4  in.)  long,  vlth  a  thlchnesa  and  width  of  O.31B  cm  {0.125  in.)  and  0.635  cm 
(0.':50  In.},  respectively.  After  thermal  expansion  measurements,  the  bars  were 
cut  Into  shear  speciisens  of  5:1  spen/depth  ratio. 

3.  Teaaeratures 

Test  temperatures  were  22*C  (72*y),  -195*C  (-320*F)  (liquid  nitrogen), 
and  -253*C  {-l23T)  (liquid  hydrogen).  RASA,  Levis  Research  Center  performed 
the  liquid  hydrogen  testing.  Fot  all  specioens  vere  tested  at  all  tes^eratures. 

U.  Tests 

The  following  table  smBrizes  the  epeclacns  and  tests. 


Composite  Test  Method 


strand 

Tensile  Strength 

Ref.  (h) 

Bar 

Tensile  Modulus 

Electric  Strain  Gage 

Ring 

Tensile  (Bending)  Itodulus 
Tensile  (Bending)  Strength 

Ref.  (i) 
ttef.  (1) 

3-  or  4-Itolnt  Flexural  Modulus 

Ref.  (1) 

3-  or  4-Polnt  Flexural  Str. 

Ref.  (i) 

Short  Shear  Strength 

TenuUe  (Lending)  Fatigue 

Ref.  (1) 

Strength,  1000  Cycles,  75^ 
of  Ulttsute  Stress 

Ref.  (i) 

AU 

Resin  Content 

Bum-off,  Appendix  A 

B.  TASK  II 

Taek  n  was  the  design,  fahrlcatiou,  and  testing  of  12  closed-end  graphite 
fllnmnt  wound  pressure  vesaela,  approoclnatcly  20  cm  (0  in. )  in  diameter  and 
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33  CD  (13  lo.}  ^  luagtb.  Th:  pucjiose  of  testing  the  vessels  vss  to  deternlnc  the 
effect  of  test  te^ratures  on  the  hurst  strengths  of  the  vessels.  Mterlals 
used  vore  Thomel  $0  and  tbi'ssnite  H*  graphite  fibers  and  resin  2  {6S&/ISA/ 
E1(Ao/BDHI),  os  shouji  to  be  best  from  Sssh  I  (Section  III.A.12}. 

1.  Structural  Analysis  snd  Dat'gn 

The  aetal-Uned,  filasxnt-vound  test  vessel  uas  a  closcd-end  cylinder 
dcsipied  to  a<'hieve  a  lowTltudlnal-to-clrcunferential  strain  ratio  of  approxl- 
nately  1:1  and  a  burst  pressure  of  17  to  19  t  I06  n/n?  (2500  to  2750  psi)  at 
22*C  (75*?)-  This  vessel,  fabricated  from  lu>plane  longitudinal  vlndlngs  and 
clTcuafercntial  Klndlngs  wound  over  a  0.QI5  cm  (O.OO6  In.- )  thich  Type  304  SS 
foil  liner,  was  selected  froa  experience  acqulr^  In  previous  development  efforts 
(refs,  (e)  and  (d)). 

It  was  assumed  that  the  ultlmtc  fllnnegt  stress  for  the  longitudinal 
windings  was  8.97  x  ICP  n/i?  (130,000  psi)  and  lOjt  higher,  or  9.85  x  I08  n/sS 
(143,000  psi),  for  the  hoop  filaments,  ms  dcsl^  strength  was  selected  from 
the  results  of  Tash  I.  Althou^  different  strengths  were  expected  for  Thomel  50 
and  K^ganlte  (^pe  H)  in  the  vessels,  a  single  set  of  design  stresses  was  used 
to  fsx-ilitate  a  cosgaratlvc  evaluation  of  the  two  graphite  filaments. 

Two  vessel  designs  were  prejared  and  analyzed  In  detail,  one  for  winding 
from  Thomel  50  yarn  and  one  for  winding  from  Jbreauite  II  tow.  ajwever,  ndduay 
through  the  program  It  uas  evident  that  two  types  of  Horgonite  II  vessels  should 
be  fabricated  and  tested.  Thic  was  because  the  itorganite  II  tow  received  from 
HOI  had  a  larger  cross-sectional  area  than  anticipated,  produced  a  heavier 
vessel  than  desired,  and  gave  a  design  burst  pressure  40  to  higher  than 
that  of  the  Thomel  50  vessels.  To  allow  fabrication  of  six  vessels  with  the 
available  Horganlte  II  mterlal,  three  vessels  were  ma. '  to  the  Initial 
Morganlte  II  requirements  (call^  a  "three-thirds  wall  vessel")  and  three 
vessels  were  made  to  a  modified  design  (called  a  "tvo-thlrds  wall  vessel"). 

The  "two-thirds  wall  vessel"  was  wound  with  four  layers  (two  revolutions)  of 
longitullnal  and  nine  layers  of  hoop  winding.  The  balance  of  the  discussion 
relates  to  the  design  of  the  Thomel  50  and  Horganlte  II  (three-thirds  wall) 
vessels. 


Dimensions  of  the  bead  contours  and  other  vessel  cbatacterlstlcs  were 
defined  with  the  aid  of  a  cosqmter  program  that  analyzed  and  provided  design 
panuaeters.  This  program  defined  the  optinm  head  contours,  the  fUameut  and 
liner  stresses  and  strains  at  various  Internal  pressure  levels,  the  required 
longitudinal  composite  thickness  for  the  heads  and  cylinder,  ti.n  boop-vrap  thick¬ 
ness  for  the  cyli.«ler  section,  the  fllsaent  path  length,  aixl  the  weight  snd  voluse 
of  the  coeponents  and  coegdete  vessel. 

*  Hirgonlte  II  fiber  is  also  available  from  tbe  manufacturer  in  r  sun'.v:e  treated 
version,  designated  Korganite  II  S.  It  was  the  Hirgaaite  II  S  vh.'eh  was  sup¬ 
plied  a^  used  throughout  Task  H.  But  In  the  Task  II  text  and  figures,  the 
fiber  Is  referred  to  slsply  as  Itorganlte  II. 
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The  deelgn  of  the  vetselj  resuXtlA^  fros  the  eomniter  progrUi  !•  eiiown 
In  figures  Ua  aad  Ub.  The  deslffi  Includes  •  netel  foil  liner,  an  edhoelve 
flbcrclaes  serin  cloth  layer  to  pronote  better  bonding  of  the  liner  to  the 
graphite  vessel  vaU,  and  alternating  loogltudlnnl  and  hoop  windings  of  graphite 
fiber  Itvregpated  with  epoxy  resin.  Design  parewsters,  winding  pattern  calcu¬ 
lations,  and  an  amlysls  of  the  stresses,  strains,  and  welghte  are  shorn  in 
Appendix  C. 

2.  fabrication 


Graphite  fllamnt -wound,  netal-llned  tanks  were  fabrl>»ted  U  accordance 
with  the  design  shown  In  Appendix  B.  The  liners  were  neJe  fro*  AISI  Type  30** 
stainless  steel  by  pressure -fonlng  the  end  donee,  aachlning  the  polar  bosses, 
rolling  a  cyllndrleil  srctloo,  and  roll-rsslstanee  seaa  welding  the  setpsents. 

The  liners,  coversd  with  serin  cltth,  thsn  were  overwound  using  In-procsss 
epoxy  resin  inpregnated  graphite  fibers.  Twelve  taeke  weie  fabricated  end 
teste-':  six  of  Thornel  50  graphite  yarn  and  tlx  of  Hsrganlte  II  graphite  tcv. 

In  addition  to  the  twelve  veecels,  137  graphite  strand  test  speelnena  were 
fabricated  and  tested. 

Uner  fahrlcatlca  was  in  accord  with  previous  work  done  by  Aerojet  and 
Is  described  sere  fuUy  in  Appendix  D.  The  gra^te  filanent  used  la  the  wind¬ 
ing  was  12  poi«ds  of  Thornel  50  12  pounds  of  Msrganlte  II  8  supplied  by 

NOL.  Dots,  supplied  by  the  tanufaeturert,  for  tha  fiber  tensile  neduil  end 
strengths  of  these  fibers  are  ahown  in  Thbie  1«  lhay  of  the  roils  war#  tested 
by  Aerojet  for  the  sane  propertlee.  Extanaoneters  for  neasurtng  elongation 
were  counted  directly  on  IxijreMted  and  cured  fiber  etrands.  These  procedures 
ore  described  In  Appendix  B.  (These  nsasured  properties  are  also  shown  In 
Table  1. ) 

An  extensive  dewcrlptlco  of  the  winding  of  the  vessels  Is  given  In 
Apx>endlx  E. 

A  malber  of  problons  were  eaeowtered  during  the  fs'^rlcstloo  of  filaaent 
wound  vessels.  Such  prohlei*  Included  yarn  and  tor  received  ft'C't  the  ranu- 
facturers  In  poor  eoadltloo,  nany  fiber  breaks  encoiatered  durlnft  collation 
and  winding,  high  realn  pickup,  fil:^  aUppage  en  the  dews  during  wlMlng,  and 
fiber  'Slash  "  and  wrlnklii^  wbu  vaciaa  bog  evnrea  were  used  (Figure  5)*  Sow 
of  the  probleas  were  reduced  or  aolved  early,  and  others  were  not  resolved 
prior  to  cc-gOLetlcn  of  the  winding  prograa.  All  were  typical  oC  first  uss  of 
a  new  or  expsrlssntal  asterlal.  In  all,  11  of  the  12  vessels  vere  considered 
to  be  sdequsta  In  ecnstruetlan  end  suitable  for  test.  Ckily  vessel  M-2  was 
considered  substandard  In  conatruetlon,  and  resulta  of  this  tsst  vere  partially 
dlsco’mted.  Figures  6-6  show  typical  completed  vessels.  ’Bsble  2  gives  a 
fabri.;atlan  data  sxnnary  for  the  vessels. 

3.  Tests 

Tho  20  ca  (8  la. }  dlasattr  by  33  (-3  In. )  long  graphite  fllaaent- 

vound,  nstal-llnsd  tanks  vere  tested  to  determine  their  buret  strengths  and 
strain  vs.  pressure  eharaeterletles 
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The  12  veatels  vere  subjected  to  single-cycle  burst  tests  st  a  rate  of 
pressurization  that  produced  a  strain  of  approxlmtely  0.25^  per  ninute  in  the 
IcnsltudlnaJ  and  circumferential  directions.  Five  vers  tested  at  22*C  (75  *!■), 

3  at  -195*C  (-320*F),  and  4  at  -253*C  (-lt23*F),  as  sliown  in  t!ie  folloving  table: 


Fiber 

No.  of  Vessels 

Test,  'C 

Temp. ,  ' 

Tbomel  50 

3 

22 

75 

1 

-195 

-320 

2 

-253 

-423 

Harganlte  II 

2* 

22 

75 

-195 

-320 

2* 

-253 

-423 

*  Inclines  one  "three-thirds"  vessel  and  one  "tuo-thlrds" 
vessel. 


mta  recorded  continuously  vere  the  intenial  pressure,  exterior -surface 
tesperature  (cryogenic  tests  only),  and  deflrction  va  pressure  relationships  at 
three  points  to  provide  hoop  and  longitudinal  strains.  Cue  set  of  hoop-strain 
Bcacureoents  vas  made  at  the  center  of  the  cylindrical  section,  ami  tvo  oets  of 
axial-strain  osasurements  vere  made  at  different  points  along  the  cylindrical 
section.  In  addition  to  the  strain  measurement  Instnssentation  usually  used  by 
Aerojet  for  testing,  long-wire  strain  gages  vere  evaluated  by  Installation  on 
all  six  Mirganlte  II  vessels. 

Water  vas  used  for  pressurization  for  the  22*C  (TS’F)  tests,  liquid 
nitrogen  for  the  -195*C  (-320*F)  tests,  and  liquid  hydrogen  for  the  -253*0 
(-423*r)  tests.  The  test  fixture  consisted  of  a  vacuun  chamber  vith  provisions 
for  instrument  leads  and  vacuum- Jacketed  pas  pressurization  lines  and  cryogenic 
feed  and  vent  lines.  Pemote  instruments  recorded  pressure,  tess>erature,  time, 
and  vessel  strains.  A  television  camera  and  audio  system  provided  for  vleving 
and  listening.  The  tests  ended  at  vessel  rupture,  as  indicated  by  noise  and 
sudden  pressure  dropoff.  Hire  details  of  the  test  procedure  and  instrumentation 
ore  given  in  Appendix  F. 


in.  RESUITS 

A.  TASK  I  (Investigation  of  Fibers,  Resins,  and  Finishes) 

In  general,  compared  to  anblent  tci^eroture  fiber  properties,  values  of 
fiber  tensile  strength  tended  to  decrease  hlle  tensilo  moduli  tended  to 
increase  vhen  tested  at  cryogenic  temperatures. 

Tensile  strengths  vere  measured  using  four  different  specimens,  as  follovs; 
rcsin-lmpregnated  strands,  individual  (diy)  filascnts,  maided  laminated  bars, 
and  HOL  rings.  These  specimens  vere  miie  from  as-received  fiber,  vhlskered 
fiber,  and  nitric  acid  treated  fiber.  Tvo  different  epo:^  resins  vere  used,  and 
specimens  vere  tested  at  both  room  tesQ«rature  and  liquid  nitrogen  teiiq>erature. 
Because  of  the  large  nutii)er  of  variables  and  specimens  Involved,  this  vork 
constituted  a  major  part  of  the  vbole  effort  on  Task  I.  The  results  are  shovn 


6 

WCIABSIFIED 


13 


UfcusairiED 

nous  69-103 


In  Flti^iu'es  9  *  16  aad  will  b«  diacuaaed  la  aura  detail  In  the  following  pnre- 
Krapba.  The  deteralnationa  of  tenalle  aodull,  flexural  atrengtha  and  BOdull, 
lUid  Interlaminar  ahear  atrcngtha  conatituted  the  reaalnder  of  the  work.  Tlicsu 
reaulta  are  ahown  in  Tlsurea  16  to  23  and  are  diacuaaed  In  the  following 
parographa: 

1.  Tenalle  Strengtha  of  Aa-Reeeived  rihera 

Teata  of  alx  realn-iaapreosated  atranda  gave  rooai  teaverature  atrengtba 
ranging  from  13  x  10®  n/a?  (109,000  pal)  to  21  x  1C®  n/a?  (305»000  pal)  with 
Hirganlte  II  being  higheat.  9  abowa  all  valuea.  Iblded  unidirectional 

laminate  bara  gave  aoMwhat  lover  valuea.  Of  the  four  flbera  teated.  fiber 
atrengtha  ranged  froat  7.3  x  10®  n/a?  (113,000  pal)  to  13.2  x  10®  n/a^  (220,000 
pal).  Figure  10  ahowa  these  valuea.  Fllaaent  wound  XOL  rings  ga^  fiber 
atrengUis  about  the  aaae  at  the  aolded  bara,  ranging  from  7*9  x  10®  n/W^ 

(110,000  pal)  to  16.8  X  10®  n/a^  (2M»,000  pal)  for  thrae  flbera  teatad. 

Figure  11  abowa  thaae  valuaa. 

At  liquid  nitrogen  tenparature,  the  three  types  of  teata  gave  reasonably 
conaittont  results.  Narganlte  ZZ  shoved  an  average  30](  strength  drop,  while 
all  the  other  flbera  five  aueh  leea  ebanga.  Thomel  3®  eaa  particularly  laauna 
to  tei^erature  ebanges,  varying  In  etrangth  no  aore  than  a  few  per  cent  in  any 
of  the  three  types  of  teste.  The  result  was  thah  at  liquid  nitrogen  temperature 
Thomel  30  has  about  90^  Of  the  strength  of  Itorgaaita  IZ.  Figures  9  ■  U.  ahof 
the  strengths  of  atnnda,  bara,  and  rings  at  liquid  nltrogan  taigparature. 

2. .  Tensile  Strengths  of  Whlahared  Fibers 

Both  reeln  laguregaated  strands  and  Individual  (dry)  fUasNata  (1V»0 
fUnnenta  In  Thomel  2-Fly  yam;  10,000  fUnnants  la  Morganlte  tow)  were  used 
to  neasure  tenelle  etrengthe  of  fihere  vhlakerrd  by  Tberaokliwtlc  Fibers,  Zoc. 
Both  eethods  of  Masuraaant  showed  vhlskerlng  to  lower  the  tenalle  etren^s 
by  3  to  70)(,  with  bearleat  vhlahnrlag  glvlag  grantaat  reduetlons.  The  rayon 
precursor  fibers  showed  least  reduotlon,  with  Thomtl  3®  having  3^  raduotlon 
with  "■edlun-heavy*  wblakarlng.  The  polyacrylonitrile  (MR)  precursor  fibers 
(Msrganlte  and  Courtnulds)  showad  23  to  eOi  radix. tlon  resulting  froa  "light  to 
nndluai''  treatawnte  aad  70)(  reduetlcn  froa  hieavy"  treatants.  Uhlakerod 
Horganlta  Z  vaa  teated  In  liquid  nltrogua  as  a  stread,  aad  a^ln  the  etrength 
reduction  due  to  atMountered—ia  this  case,  10)1.  Figure  12 

gives  co^ilate  data  on  thaae  whiskered  strand  teaBlle  atrengtha,  aad  Figure  13 
shows  Individual  vhlakered  fllaanit  tensile  atrengtha. 

3.  TeosUa  Straogtha  of  Wltrlc  Acid  Treated  Flbera 

Hltrlc  acid  treated  flbera  were  teated  as  atranda.  Individual  fUaaanta, 
and  molded  bars.  Tastt  of  two  fibers  In  atranda  gave  roan  temperature  strengths 
from  10.2  x  10®  n/m2  (lb8,000  pal)  to  I3.9  *  njrfi  (202,000  pal).  These 
represent  2  to  13^  strength  decreases  over  the  corresp^l^  untreated  fiber. 
Data  are  shown  In  Figure  lb.  Individual  (dry)  fllaawnt  tests  of  Thomel  30 
showed  a  19]l  drop  In  strength  of  treated  fiber,  shown  also  In  Figure  lb.  Testa 
of  four  ^bere  In  aolded  bars  gave  strengths  of  7*3  x  10®  n/o?  (110,000  pal)  to 
lb. 9  X  10®  a/a2  (206,000  pal).  These  are  nearly  identical  to  t^  valuea  for 
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as-received  fiber,  and  are  shovn  Ic  ?l£ure  15>  A  short-tera  Investieatlcn  vas 
done  on  Uie  effect  of  varyirg  nitric  acid  treatoent  tines  on  the  tensile  strength 
of  treated  fiber.  Scoe  scatter  in  the  data  was  encotmtered,  but  the  general 
Indication  is  an  initial  tensile  strength  drop  of  19  per  cent  froa  the  first 
four  hours  of  treatoent,  with  no  additional  drop  up  to  hcurs  of  treatment. 

These  results  ore  shown  In  Figure  16. 

At  liquid  nitrogen  teoperbture,  nitric  acid  treated  fiber  showed  more 
tensile  strength  drop  than  did  as-received  fiber.  Morganlte  II  vas  not  among 
the  nitric  acid  treated  fibers,  but  the  others,  which  showed  little  change  in 
the  as -received  fiber  teats,  dropped  6  to  305t  after  nitric  acid  treated. 

Both  strand  tests  and  bar  tests  ^ve  essentially  the  sane  results.  This 
appreciable  drop  when  cold,  coupled  with  the  drop  resulting  from  the  nitric 
acid  treatment,  reduces  these  fiber  strengths  to  rather  low  values.  Hie  best 
value  in  strands,  when  cold,  was  12.2  x  ICP  n/n?  (.177,000  psi)  for  Thomel  50, 
and  the  best  value  in  nclded  bars  was  13.O  x  ic3  n/nS  (l88,000  psi)  for  Ksrganlte 
I  Figures  lU  and  15  give  complete  results. 

4.  Cycling  Fatigue  -  Split  D  Tensile  (Bending)  Test 

NOL  rings  were  made  using  Thomel  50  and  HMI  25  graphite  fibers.  Those 
were  tested  using  the  Split  b  test  tlxture  at  ultimate  st:  sss  (then  tack  to 
no  stress)  for  1000  cycles.  Cycling  rate  was  seven  cycles/nlnute.  When  sub¬ 
sequently  stressed  to  failure,  a  coaiarison  of  strength  with  the  strength  of 
uncycled  controls  gave  the  extent  of  degradation  due  to  cycling.  TLese  tests 
showed  that  rings  mode  from  Thomel  50  were  weakened  by  room  temperature  cycling 
by  lOjt,  but  ccld  cycling  resulted  In  stronger  rings  which  gave  higher  break 
strengths  than  the  cold  controls.  ENG  25  gave  a  more  expected  result,  with 
room  temperature  cycling  causing  s  17ie  strength  reduction  and  cold  cycling 
resulting  in  a  reduction.  Figure  11  jhows  these  results. 

5.  Tensile  Hrduli 

Teusile  aoduU  vauueu  were  dctenolned  from  moldcu  bsirs  and  from  HOL 
ring  tnst  specimens.  The  ring  test  la  more  of  a  bending  modulus,  and  so  ring 
test  results  vlil  also  be  compai-cd  later  with  flexural  moduli  results.  First, 
the  fiber  moduli  generally  translated  at  lOOjt  effectiveness  into  composite 
moduli.  When  fiber  moduli  were  known,  either  by  manufacturer's  data  or  by  KOI, 
ueasurements,  the  cntgxislte  K>dull  could  be  predicted  quite  accurately  by  knTW- 
in,-;:  the  fiber  content  and  applying  the  rule  of  mixtures.  This  was  expected,  since 
it  .Is  typical  of  unidirectional  fiber  reinforced  composites. 

Second,  the  fiber  (and  cosqijs'.te)  moduli  nearly  always  increased  vhen 
measured  at  cold  temperature  as  compared  to  room  temperature.  Of  feur  fibers 
tested  (IS  bars,  three  of  them  showol  5  to  20^t  moduli  increases  when  cold,  and 
one  vas  unchanged.  Tests  with  HOL  'ings  gave  the  sans  absolute  values  aiiii  the  some 
percentage  increases  u'ue-  cold.  Roiolts  of  moduli  tests  of  bars  and  rings  are 
8h(rwn  in  Figureu  17  and  iS.,  Rings  lOdc  from  Thomel  50  and  tested  after  fatiguing 
for  1300  cycles  at  stress  sfcowee  no  change  in  mod'ili  due  to  cycling.  Ik>  other 
fibers  were  cycle'  tested.  Thes»-  results  are  shown  on  Figure  I6. 
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Four  nitric  ncld  trMtad  flb«ra  war*  anldad  Into  ter*,  *nl  t«*ta  obow«d 
th«  nitric  acid  treatawnt  to  teve  no  ilcnlfleant  affect  on  ■oduli  when  the  bore 
were  tcrtod  at  rooa  twveratur*  or  wten  Mated  cold.  Dicm  reaulta  ore  aliown 
In  Flik-ur*  19.  To  aiMMorlt*  tte  reaulta,  aoduli  lAcreos**  eon  te  expocted  when 
taated  cold,  averofltic  10)1  and  ranglna  froM  0  to  20^ 

6.  Flexural  Strength* 

HOL  rlna*  oode  froa  oa-reeelved  fiber  were  cut  Into  3*lach  length  aeg- 
nents  and  teated  In  3>polnt  beading  at  16:1  apon-to-depth  ratio  for  flexurel 
strengths  (and  aodull).  Five  fiber*  were  uoed.  'No  of  thea,  Itoganlte  IZ  and 
Morganlte  IZ  3  gave  aueh  high  fiber  atrengtha  oa  to  be  in  a  cloaa  by  thenaelve*. 
These  atrengtha,  20.6  x  108  n/a^  (300,000  pel)  and  2U.7  x  I08  n/a?  (3S8,W  pel), 
were  thr^  tlaaa  a*  high  oa  the  next  eloaeat,  Bm  25,  which  gave  6.6  x  108  n/aP 
(96,000  pal).  All  atrengtha  were  relatively  unaffected  by  cold.  Reaulta  or* 
ahown  In  Flgiire  20. 

1.  Flexural  tteduU 

The  mm  ring  iigwat*  teated  for  atrengtha  ganeroUy  were  olao  teated 
for  aaidull.  Fiber  noduU  at  rooai  tangeratura  for  four  flbora  teated  ^v* 
reaeoaoble  ogreeaent  with  aoduU  Obtained  froa  the  ROl  ring  beading  teat  and 
froa  the  tenall*  bar  teat.  However,  the  aoduU  of  Tbomel  $0  and  HIO  25 
flexural  apeelaona  Ineraaaod  froa  32  to  68%  wtaan  teated  cold,  oa  eoavored  to 
on  average  10^  lacranat  for  the  ring  oaft  bar  apoeloma  whoa  teated  cold.  Soaa 
of  the**  floxwLl  teata  war*  repaated,  with  eaaaatlolly  the  aoaa  reaulta. 

Figure  21  glvea  thao*  reaulta. 

6.  Interlaalnar  dhear  Streagtha 

A  conalderablo  oaount  of  Interlaalanr  obaar  atreagth  data  war*  generated 
both  from  lOL  rlxm*  and  aolded  bore.  Of  five  aa>r*<*lv*d  fiber*  teated  la  ring* 
at  rooa  teaperature .  mnanlte  IX  8  gave  by  for  the  hlgboat  Interlaalnar  aheor 
value,  91  X  10°  n/m  (13<200  pel).  Value*  for  other  fiber*  la  eoavoaltea  ranged 
froa  20  x  10°  to  5b  X  10»  n/m  (8900  to  7800  pel).  Vaatlag  at  llguld  nitrogen  ' 
tewperaturea  Invariably  inoreoaed  the  obaar  atieagtba,  ftorggnlte  ZZ  8  laoreaalng 
by  ^  and  the  other*  laereoalag  by  8  to  5b]L  The  value*  or*  ahown  In  figure  22. 

Four  fiber*  were  aolded  Into  bore.  Nargaalte  IZ  and  Wrganlte  ZZ  3  were 
not  oawng  thea;  the  fiber*  ueed  gave  aheor  atrengtha  of  16  x  10°^ to  3$  a  10°  n/e? 
(2300  to  5100  pal)  at  rooa  tenpeiatw*.  At  Uguld  nitrogan  tiagereture,  higher 
aheor  atrengtha  ogpUn  were  obtained.  Saoreoeea  ranged  te  over  100%,  to  60  x  10° 
n/e?  (9600  pal)  for  DO  25.  Flgurea  23a  oiCI  23b  ohow  the  reaulta. 

Son*  of  the  fiber*  were  nitric  acid  treated  oi^  than  aolded  Into  bora. 
When  coogared  to  oa-recelved  fiber,  the  treated  fiber  i^v*  algnlflcont  Inter¬ 
laalnar  aheor  Inereoeea  ct  rooa  teWeratur*.  BHD  85  woe  loaat  offeeted,  giving 
12%  Increoa*  for  the  treated  fiber.  Noignalte  Z  bod  apeetoeular  reapooa*  to 
the  trwetaant;  aheor  value*  going  to  67  x  I08  n/a2  (97^0  pal)  or  four  tlaea 
higher  than  oa-reeelved  fiber.  When  teated  cold,  the  nitric  acid  treated  fiber 
gave  the  expected  atreagth  Inereoaea,  up  to  25%.  Treated  HorDulte  I,  when  cold. 
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fftvi  a  vol'ja  pf  fi5  x  10^  n/:^  (12,300  pai)*  Values  are  shown  in  Figures  23a 
and  23^. 

9.  Realns 

For  the  two  resins  used  in  this  study,  no  significant  difference  was 
found  in  any  coisposite  oechanical  property  which  would  Indicate  superiority  of 
one  resin  over  the  othej-.  Jfeasureiaent  of  ,)ust  resin  properties  (not  in  coia- 
pooj-tes^  gave  sooe  differences,  as  a'lown  is  the  following  table: 

Resins  -  Tested  at  Roopi  Teajierature 


Initial  Midulua  Yield  UltlaBte 


Resin 

loS  nit? 

psi 

Elon¬ 

gation 

2256/0620 

29.5 

414,000 

1.7 

Cr'c/DSA/ 

E1040/BIMI 

20,3 

297,000 

1.5 

Strength 

Elon¬ 

gation 

strength 

10^  a/ne 

psf 

i, 

10^  tiiTr 

psi 

55 

8,000 

5.0 

99 

14,300 

3i 

4,500 

4.2 

50 

7,300 

Although  resin  1  is  strongev  at  t'otj  tenperature,  its  use  In  composites 
did  not  result  in  stronger  cceaposltes,  at  least  for  tiiose  properties  nrasuied  in 
this  work.  Use  of  resin  2  was  easier  betause  of  its  longer  working  time,  aa 
shown  in  Figure  24.  Also,  resin  2  was  lighter  in  weight ,  having  a  specific 
gravity  of  I.09  coogared  tj  1.23  for  resin  1.  For  these  reasons,  risin  2  was 
chosen  for  Task  II  work,  us  will  be  noted  in  a  later  paragraph. 

10.  Coefficient  of  Thtmal  Contraction 

Itolded  bar  coegposites  cade  iron  four  fibers,  along  with  Ci«  of  the 
resins  and  three  other  materials  for  calibration,  were  tested  for  coefficient 
of  themel  contrattion  over  the  tenperature  range  of  +22*C  to  -195*C  (295*K  to 
78*K).  Coatrattiop  for  alj  of  the  graphite  coawslto  speclnens  was  extremely 
low,  being  about  0.5  x  10"'  cn/ern,  or  0.5  x  10“‘  $,  or  50  aicro-cB/cm.  The 
following  table  gives  care  coa^platc  results: 

Tliei'cal  Contraction  Setween  22*C  and  -195*0 


Jbterlal 

Reduction  in  Length 
Ih:s  to  IcBSperat-jrc 

Linear  Coeff.  of 
Iherml  Expansion 

llanffbook 

Value 

Klcrocentiaaterycm. 

10^  per  “C 

Hcrgaulte  I  Coisposite* 

50  ipO 

0.2  i  0.2 

Thomel  50  CoiH)08lte» 

50  i.55 

0.2  ±0.2 

- 

IMS  25  Composite* 

50  ±50 

O.P  iO.2 

- 

SAHIO  320  Coc?)o«ite» 

SO  i5C 

0,2  ±0.2 

- 

(k\l  coopooitet,  QTkiQured  in  the  ^iber  direction) 

Fused  Q\2Lrtz 

75  125 

0.3  ,.0.1 

0.256 

Steel 

2400  ilkS 

?-5  ±0.5 

9.0 
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Tberanl  Contraction  Between  22*C  and 

-195*0  (continued) 

Reduction  in  Length 
Due  to  Teveraturc 

Linear  Coeff.  of 
Tliennl  &cpnasloii 

Handbook 

mterlal 

MLcrocentlneter/cn. 

Value 

AliimlniiM 

1*200  1125 

16.9  10.5 

17.0 

Rcsln  1  in  this  study 

U,100  1125 

44.4  10.5 

Resla  2  in  this  study 

14,500 

Aerojet 

Value 

*  All  with  Resla  1 

CklcuLfttlon*  of  th«  thoml  cocxtrmctlon  eoofficlmt  of  tb*  tero  gr*phlte 
fiber*  fMcm  IV.oa  to  be  ellcbtly  Be0*ttve.  net  Is,  »•  the  tei^nture  get* 
colder,  the  gr*rMte  fiber*  get  slightly  looger.  Coriblalzg  the  fiber*  vlth  ’ 
realQ  give*  ca^;io*lte*  vhleh  get  slightly  shorter  when  colder,  ss  shorn  la  the 
table.  Ihl*  Is  iTCsented  ■ocre  fully  la  sactloo  Vi,  "Dlseustloa.* 

Other  eoivoslte*  asde  vlth  resla  2  (826/DSA/S10lK>/BlMh)  sad  slso  com- 
poslte*  asde  vlth  nitric  acid  treated  fiber  vsre  tested.  lh>  dUfereaces  froa 
the  value  shown  la  the  table  vere  found.  Note  that  value*  la  the  table  have 
apparently  vide  tolsreaees.  This  Is  bseaues  the  aecaeey  of  the  ■aaswrwssmts 
vaa  lledtad  by  the  standard  AaM  apparatus  used.  Total  Uaear  eontxaetlon  for 
the  four-laeh  long  craphlt*  eoavoalte  speeiaans  vaa  only  two  ten-thouaaadths  of 
ua  Inch.  The  quarts  t«**a  aad  rods  of  which  the  apparatus  itself  Is  aads  have 
a  greater  eontraetloa.  lovever,  the  apparatus  aad  rasults  vara  eo^plataly 
adequate  to  abov  that  tha  craphite  oMgpoaitaa  hava  little  thenal  eontraetloa, 
while  the  epoocy  reela  uaad  vlth  thMi  hae  ovar  200  tlaaa  aa  nach  eoatractloa. 
Theraa  stroasea  are  tad  tested,  as  vUX  be  polated  out  la  the  Btscusslon. 

11.  Testing  at  tiauld  Krdregsn  Tsscerature 

The  scope  a!  this  verb  la  Task  X  laeludad  tastlag  at  liquid  bydrogaa 
teqperature.  Thla  testing  was  done  by  lifld,  Uvls  on  sas^s  fhbrloatsd  and 
suppllsd  by  ROL.  SobsduUag  prohlsas  at  MSA  sad  esrtaln  laeonslstsaets*  la 
tha  results  preveatad  thaaa  data  fMn  being  aa  uaaful  sad  eonslsteat  ss 
onglaally  anticipated.  The  resulta  gvserally  vere  as  follows; 

e.  Tborasl  $0  rings  Inersaasd  la  tensile  strength  by  10](  over  results 
obtalasd  at  •19;*C  (-320*?).  This  result  also  was  eonflraad  by  tssssI  test* 
la  Task  II.  noted  elsevhere  la  this  report. 

b.  Nngpait*  IX  rings  laorsased  la  tensile  streagtb  eoapared  to  roon 
temperature  strength.  This  result  Is  iatexpretsd  as  being  unsspeeted  and 
unlikely  aai  nay  be  th*  result  of  a  fabrlcatloa  or  tastlag  error.  It  1* 
Incooslstcnt  vlth  th*  Task  I  test  results  nt  -195*0  (-320*7)  sad  also  Incon¬ 
sistent  vlth  the  Thek  11  vessel  reeult*. 

e.  Plcxuml  strengths  of  both  Tbomel  end  Horttanlt*  jcoivoslte*  vsre 
30  to  70)1  higher  than  prevloualy  obtained  nt  either  roon  tsiovs^tur*  or  liquid 
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nitrogen  tesgierature.  Tbese  results  were  unexpected,  snd  vs  have  no  conflrtatioo 
thro'igti  other  experlaents. 

d.  Inter  1  Miner  sheer  results  vers  vsiried,  vith  >brgsnlte  H  giving  e 
such  higher  value  than  Its  rooo  teiqiurature  control  and  Thomel  50  giving  a  loich 
lover  value  than  Its  rooa  temperature  control.  We  have  no  explanation  for  '  's 
results, 

e.  Tensile  moduli  generally  were  vlthln  IC^  of  the  values  chtelned  hy 
HOL  in  -195 *C  {-320*P)  taste. 

In  ell,  these  results  of  testa  in  liquid  hydrogen  gave  cams  useful  date, 
but  additional  tests  vould  be  required  to  coofira  or  disprove  certain  results 
vhlch  nov  eppaer  anoaaloua. 

12.  Choice  of  ttiterlals  for  Tash  H 

Tne  final  respooslbllity  in  Tank  I  work,  vas  choosing  two  fibers  and  one 
resin  for  the  Task  II  vork.  The  following  were  chosen: 


Msterlel 


HsrgaiUlte  tl  S  Tiber 


Thomel  50  Tllier 


Resin  a  (8a6/lBA/ 
ElObC/iOft) 


Reaarks 

Highest  room  teiverature  and  liquid 
nitrogen  strength.  Sighest  Interlaminar 
sheer  strength.  Available  in  long  (one- 
pound)  lengths. 

Second  highest  strength  at  Uq'ild  nitro¬ 
gen  testperature.  lowest  fiber  density. 

longer  working  life  than  resin  1. 

Lover  resin  density  than  resin  1. 


AdditlQDsU.  reasons  for  choosing  the  shove  two  fibers  were  to  evaluate 
the  difference  between  a  FAR  precursor  and  rayon  precursor  fiber  and  the  handl.lng 
dlfferencer  hct>ieea  u  tow  and  a  yam. 

B.  TASK  II  (Burst  Testing  of  Closed-End  Gruphlte  Tllsnent-Vound  Rressure  Veseals) 

Task  II  tensile  straigth  test  data  from  closed-end  pressure  vessels,  in 
general,  confirmed  ROL  ring  tensile  strength  test  .'ata  from  Task  I.  That  Is, 
Thomel  50  tenuUe  strength  vas  not  reduced  (even  Ixireased  In  Taek  n)  at  cryo¬ 
genic  tesqpeiatures,  but  Itorganits  XX  tensile  strength  was  reduced  considerably  at 
cryogenic  tesqwratures.  Therefore,  in  both  Taske  I  and  n,  at  cryogenic  tesqiera- 
tures,  there  vas  slight  difference  in  the  tensile  strengths  of  the  two  fibers. 

All  vessels  shattered  in  a  brittle  fracture  mode  when  they  failed.  Rioto- 
grepba  of  typical  twsted  vessels  are  shown  In  Figures  26  -  2&. 

1.  Vessel  Tiber  Teirslle  Strengths 

The  coaqiarlson  of  fiber  tensile  streugtbs  of  Hsrgairlte  II  and  Thomel  50 
graphite  fibers  obtained  by  burst  testing  closed-end  filament-wound  vessels  Is 
shown  below; 
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liorganlte  II  was  stronger  than  Hiomel  50  at  onbleiit  teq>eratiire, 
having  an  average  filament  tensile  strength  value  of  12.3  *  10“  n/n^  (178,000  psl) 
vs.  8.3  X  ICP  n/s^  (121,000  psl). 

At  liquid  nitrogen  teqperature,  -195*C  (-320*1’),  excluding  vessel  H-2 
data,  Thorael  50  was  €ff}  stronger  than  Mo-ganite  n .  having  an  average  value  of 
10.2  X  ICM  n/rf  (11*8,000  psl)  vs.  9.65  x  ICS  n/a?  (1I|0,000  psl). 

At  liquid  hydrogen  tesjjerature,  -253*0  (-423*?),  Tliomel  5O  was  l45k 
stronger  than  Jfcrganlte  H,  having  an  average  value  of  11  x  10“  n/a?  (159,ft>0  psl) 
vs.  9-65  X  108  n/s^  (l40,000  psl). 

Thomel  50  gained  215(  In  strength  at  liquid  nitrogen  tesjiemture  and 
31^  in  strength  at  liquid  hydrogen  teBjJerature  over  Its  strength  at  ssijlent 
tesperature. 

Msrganite  II  showed  reductions  of  175(  In  stre;gth  at  liquid  nitrogen 
and  22i>  at  liquid  hydrogen  tesperatures  coepared  to  ahbient  tensile  strength. 

The  Ibrganlte  II  vessola  were  wound  with  two  different  wall  thicknesses.  Failure 
stress  was  found  to  be  influenced  by  wall  thickness.  The  stress  at  hurst  In  the 
thicker  wall  was  2(^  less  than  In  the  thinner  wall.  This  cct^ares  to  a  3!^  lower 
stress  in  fiberglass  vessels  with  a  similar  change  In  wall  thickness. 

Average  hoop  strengths  and  average  longitudinal  strengths  for  the  three 
configurations  of  vessels  at  the  three  tetperatures  are  plotted  for  corporlson 
In  Figure  25. 


2.  Filament  and  Composite  Thicknesses 


The  f Hr.  jeut  thicknesses  In  the  longitudinal  and  hoop  wraps  were  cal¬ 
culated  as  shown  in  Appendix  G,  and,  using  the  fiber  content  (vol.  )()  determined 
by  burnout,  the  cosposlte  thicknesses  were  calculated.  They  coopare  with  design 
requirements  as  follows: 


Filament  Thickness*  Cosposlte  ThlckneSB* 


Vessel  Type 

longi¬ 

tudinal 

Thornel  50 

0.092 

11 

("Three-Thirds"  waU) 

0.114 

Morganlte  n 
("Two-Thirds"  wall) 

0.orf6 

Design  Requirement 

0.097 

*  All  data  in  centimeters. 

H22E 

Total 

Long!** 

tudlBOl 

Hoop 

Total 

0.157 

0.249 

0.178 

0.300 

0.477 

0.178 

0.292 

0.302 

0.472 

0.774 

0.U9 

0.196 

0.203 

0..U5 

0.518 

0.165 

0.262 

0.147 

0.254 

0.401 

The  filament  thicknesses  shewn  for  the  first  two  configurations  differ 
from  the  design  requirement  as  a  result  of  variation  of  the  yam  weight  from 
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that  Etnticipated  the  dcjlipa  liaise.  The  voristion  iif  the  ratio  of  loagi- 

tedir*l-to-hoov  fll/uaint  thtckiiceoefi  for  the  Jtorfiaalte  II  was  caused  by  tlie 
deeieien  to  delete  the  last  hoop  layer  In  order  to  develop  lorc  hoop  failures 
and,  consequently,  higher  hoop  stresses.  A  reviev  of  the  failure  nodes  shown 
in  Table  3  indicates  tliat  the  attengit  sus  successful.  The  high  conposite 
thieVr-esses  shown  arc  a  result  of  higher  than  anticipated  resin  content  in 
the  cos^site.  The  fiber  content,  for  the  Thomei  50  vessels  was  52  vol.  i>,  and 
for  [Sorganlte  II  veesel.a  the  fiber  content  was  37.5  vol.  $  as  coeapared  with 
65  vol.  ^0  anticipated  during  the  design  phase.  The  buildup  of  coasjosltc  thick¬ 
ness  in  the  Hsrganite  II  vessels  was  no  doubt  responsible  for  the  2056  strength 
difcerence  between  the  Uiia  and  the  thick  wall  vessels.  All  vessels  were  wound 
by  using  in-process  resin  inpregiiated  fibers.  It  is  very  probable  that  fllanent 
vl.td’ng  with  R  lower  resin  content  preiiipregnAted  yam  would  allow  attalnnent  of 
hi^er  fliaaent  strengths  as  well  as  conpositu  strengt};s. 

3.  Vessel  fiber  Content 

The  graphite  fiber  content  (wt.  5t)  for  the  Thomei  50  and  Itirganite  II 
vessels  is  shown  in  Table  2,  together  with  the  standard  deviation  for  the  six 
individual  deterolnations  for  each  vessel.  Also  shown  in  Table  2  arc  the 
deterained  vs.  known  graphite  fiber  contents  of  the  control  speclocns  of  Hor- 
ganlte  If  fiber  furnished  by  KOL. 

a.  Thomei  50  Vessels.  The  graphite  fiber  content  of  the  36  Thomei  50 
fiber  strand  speclnens  varied  froa  58.9  to  67-3  vt.  The  average  graphite 
fiber  content  for  each  of  the  six  Thomei  50  vessels  ranged  from  59-7  to  66.0 
wt.  %  The  standard  deviation  between  the  six  specimens  frosi  a  given  vessel 
ranged  froa  0.6  to  3*0  wt. 

Vessel  No.  T-1  (Tr.omeJ  50  fiber)  had  the  resin  applied  with  a  brush 
and  was  cured  with  vacuun  b«ig  conractlon.  If  the  high  value  for  the  specinen 
token  froa  the  knuckle  area  is  di  carded,  ai>  average  graphite  content  of  59.** 
vt.  jS  is  obtained,  the  lowest  for  the  six  vessels.  With  the  discard,  the 
standard  deviation  of  the  rcmlnlng  five  speclaens  also  becoaes  the  least  of 
that  shown  for  the  six  vessels,  rather  than  the  highest,  indicating  a  sure  con¬ 
sistent  realn  tenteut. 

Vessel  Ho.  T-2  vas  also  coajpacted  with  vacuum  bag  pressure  during 
cure.  The  resin  was  applied,  however,  by  pulling  the  fiber  through  a  resin 
bath  and  between  "squeegee"  .-oilers.  This  vessel  had  the  highest  graphite 
content  of  the  six  Thomei  50  vessels.  The  balance  of  the  vesselj  received  no 
compaction  during  cure,  since  it  was  observed  that  vacuum  bagging  was  seriously 
degrading  the  composite  structure  (as  explained  in  Appendix  E).  Th.;  remaining 
four  vessels  showed  fairly  consistent  graphite  contents.  The  lack  of  vacuum¬ 
bagging  accounts  for  tlie  higher  resin  content.  Vessel  No.  T-5  had  the  least 
and  most  consistent  graphite  content  euid  the  highest  performance  factor,  based 
on  actual  compoaltc  weight  (Table  3)-  But  this  is  probably  the  result  of  the 
Increoscd  jtrength  at  cryogenic  tetqwratures  previously  discussed  rather  than 
the  lower  graphite  content. 

The  average  c[raphite  content  for  the  six  Tliorael  50  vessels  was 
62.1  vt.  Using  .leaslties  of  I.63  6B/'cm3  (0.0588  lb/ln.3)  for  the  graphite 
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and'l.OB  (0.039  tor  r«alii  2,  th«  4ver*^  graphite  eoatent  by 

voluae  for  the  Thomel  5^  veesele  waa  ^  voi.  %. 

b.  Margaalte  n  Veeeele.  The  taluea  of  fiber  cootent  for  the  voaaela 
ranged  fro«  to  3h.2  wt.  V  ^  atandaxd  deviation  of  apaelama  fron  a 
given  veaael  rangad  fton  0.39  to  8.1B  vt.  ^  Aa  a  cheek  of  the  pgroeadurOf 
Hor^kalte  Z1  8  fiber  eoivoaltea  with  knevn  aaoonta  of  fiber  and  raala  vere 
fabricated  by  lOL  and  aent  to  tha  eentT0«tor  for  fiber  content  tecta.  The 
valuea  Obtained  by  the  contractor  for  the  apeelaeaa  agreed  eloaely  nth  the 
known  valuea.  The  laaeeuraclea  rancad  fron  0.08  to  2,9^%  nth  an  average 
Inaccuracy  over  the  eight  lota  of  0.78)(. 

All  Itorganlte  XX  veaaela  were  cured  without  vncuun  bag  eoavactlon, 
and  all  but  veaael  had  the  reala  applied  by  pulllag  the  fiber  through  a 
realn  bath.  On  veaael  N-6,  the  raala  wna  applied  by  bruah  la  aa  atteavt  to 
reduce  daaage  obaerred  la  paaalag  the  tow  ttrough  the  reala  bath  and  a^uaegee 
roUvr.  Thla  veaael  ahowed  the  loweet  graphite  content  but  alao  the  aoat 
eooalatent  content  of  the  three  veaaela  of  thla  thlekaaaa.  (Veaael  T*l>  which 
alao  had  the  reala  bruah*appliedt  bad  the  aoet  eotulateat  gnphlte  content  of 
lU  group. )  The  avenge  graphite  fiber  content  for  the  three  thlekar  veaaela 
wma  51.1  n.  i  aa  eoavared  nth  b9.3  vt.  f  ter  the  thinner  veaaela.  Thla  la 
prob^ly  due  to  a  greater  a^ueoM'^ut  <tf  reela  eauaed  by  the  additional  layera 
of  wlndlnga. 

Veaael  N-5  ahowed  about  8^  leea  grephlto  fiber  eontant  than  the 
other  two  veaaela  of  the  thick  eel  1  eonetrwtlon.  The  reaaon  for  thla  la  not 
known.  If  Ita  buret  preeeure  of  19.2  x  10»  n/n?  (8789  pal)  la  coiveivd  nth 
the  12.6  n/a?  (1080  pel)  bwet  preeeure  of  veaael  N>3  (teeted  at  the  aane  ten- 
perature,  -853*Cf  but  of  a  ttiliwir  wnU.)t  veaael  N-5  bad  batter  perforaenee. 

This  wae  «xwxpaeted,  alnee  la  the  dlaeuealon  of  filaeint  etreaeoa,  e  roduetlon 
of  ultUnte  atreae  of  about  80)(  wna  Obaerved  la  the  thicker  wnlled  veaaela  ee 
eoagtared  nth  the  thinner  walla. 

The  avexege  fllanwt  eoatent  far  the  elx  Itorgnalta  XI  veeaels  waa 
50.17  vt.  %.  Using  ^altlea  of  1.75  sa/enS  (O.O63  lb/ln.3)  for  tha  graphite 
fiber  ujd  l.OB  git/ea?  (O.O39  lb/la.3}  for  the  reela  eyeter  (reela  2),  the 
a.cTM  graphite  fiber  content  by  voltae  for  the  Nar^mlte  II  veaaela  wae  37.5 
vol.  jL  Thla  very  low  graphite  content  nost  be  Improved  In  order  to  achieve 
any  elgnlf leant  weight  caving  nth  veaaela  fahrleated  of  thle  Mterlal. 

Freieure  Veeaal  Strain 

AH  of  *Jie  veaeala  tostod  strained  O.17  to  0.5^,  suitably  lew  to  fmetlon 
properly  nth  a  thin  netal  liner.  Tha  etralna  coivered  aa  follMre: 

Thomel  50  veaaala  vere  strained  at  burat  (nth  one  exception)  froa 
0.20  to  0.30j(.  The  hoop  and  longitudinal  etrelns  were  epproxlaately  o^ual  but 
Increased  nth  Ineraaslng  atiength  aa  a  reault  of  cryogenic  testing.  The 
fllaaent  saodulue  held  between  35  and  38  x  10^^  n/iP  (51  end  55  ■llllon  pal) 
through  tha  three  te^ereturee.*  The  everega  strela  was  0.86]L 


*  Based  on  calculated  veaael  streaa  and  aaeaurad  strains. 
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The  H^rgaolte  II  veasele  failed  at  strains  ranging  froa  0>17  to  0.5](. 

The  averace  strain  for  all  six  vessels  vas  0.33^-  If  vessel  H-2  is  e^iluded  at 
being  non-representative,  the  strains  range  iron  0.29  to  O.JOjt  with  an  average 
of  0.39<.  The  flla»r,c  nodulur  for  these  five  vessels  ranged  froa  23  to 
29  X  IQiO  n/n?  (33  to  li2  gillloo  psi),  a  rather  high  scatter  of  values,  with  an 
average  zaodulus  of  27  x  lOl®  n/iuP  (39  aillion  psl)».  The  strain  sad  nodulus 
differences  between  Hvimel  50  and  Hirganite  II  stea  fron  the  dlffereiicss  In 
filament  nodulus  as  advertised  by  the  supplier,  namely,  3**  x  10^®  n/o?  (50  taiUion 
psi)  for  Thomel  50  vs.  21  to  28  x  lOlO  (30  to  UO  mllUon  psi)  for  iSorganiVe 
II. 


Vessel  M-2  had  some  defective  hoop  windings,  and  more  wlnditgs  were 
added  to  bring  the  defective  area  to  proper  strength.  The  repai’-  was  only 
partially  successful,  the  vessel  failing  at  about  86^  of  the  iuterp minted  value 
for  its  teigierature.  The  low  hoop  strain  of  0.11%  was  attributed  to  the  extre, 
hoop  reinforcement. 

Graphs  of  strains  for  all  .12  ‘vessels  are  shown  in  Figures  29  -  40. 

5.  Pressure  Vessel  Perfomuice  I'sctor 

The  pressure  vessel  perfornince  factors  (pV/w)  shewn  in  Table  3  vere  com¬ 
puted  frot  burst  pressure,  volume,  tnd  coEsxsslte  weight  actually  dcasured  for  the 
cured  vessels  und  range  freo  0.8I  tc  1.2  x  10°  cm  (0.32  to  0.46  x  I06  Inches). 
They  reflect  the  weight  of  the  resin -rich  structure . end  additional  windings 
added,  as  well  as  lowered  strengths  I'ssulting  from  other  matarlSLl  and  pi-ocesslug 
difficulties  encountered  during  wind'  a3<  In  addition  to  the  actual  performance 
factors  noted  in  Table  3>  perfonauu.e  factors  for  hypothetical  vessels  were 
calculated. 

Using  the  filament  weights  u\\<d  in  calculating  filament  stresses'  (based 
on  a  uniform  alnimia  vail  thicimess),  together  with  a  reduction  in  resin  content 
to  obtain  a  65  vcl.  %  fiber  content,  .wxfomance  factor  for  a  hypothetical 
vessel  vas  calculated  using  the  actiaJ  burst  presswes  achieved  on  the  test 
program.  This  performance  factor  i'  b«l laved  to  bo  achievable  for  the  throe 
vessel  configuiatiort  on  future  progra.v.  and  is  probably  conservative,  since  it 
includes  only  a  reduction  in  weiitht  whlth  appears  feasible  and  does  not  take  into 
account  the  increased  burst  press  "^es  wileh  may  result  from  such  Ijiqproveaents. 

The  performance  fsetors  for  the  iJUKroved"  or  hypothetical  vessels  and 
also  for  S  glass  and  beron  filament  v0.tii.0l3  ore  shown  in  the  foUowiog  table: 

Performance  >'ac*'C'.  x  lO'^ 


22' 

’C 

■.1.95’C  -253’C 

Ve«ial  T^pe 

cm 

iE-. 

cal  in.  cm 

if— 

Thsmel  50 

1.22 

0.48 

1  50  0.59,  1-60 

0.63 

Msrgsnlte  II 

1.62 

0.64 

1.42 

0.56 

(Thick  VaU) 

*  Based  ou  calculated  vessel  stress  and  iasarur.'i'  »;  .los. 
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rtarfOTmnc*  factor  x  10*^  (contlnutA) 


22*C  -195*C 


cm 

Id. 

cm 

|E9|B 

“ET 

MargsAlta  II 
(Thin  Wall) 

1.96 

0.78 

0.57 

l.bO 

0.55 

3  OUsa 

2.3 

0.90 

Boron  fllansnt 

0.30 

* 

1.8 

C.70 

IV.  Disassica 

K,  DI3CUB3ICi  or  Tg  inociiaB 

Tha  dividing  of  tha  work  Into  a  prallmlaary  InvaatlAtloa  of  MtorUla  (laak 
I)  and  tha  winding  of  voaoola  ualng  ttoa  boat  Mtorlala  (Ikak  IZ)  was  Aavlaad  by 
paraouMi  of  SASd  and  ML.  Thla  proeadnaro  provad  aotlraly  sultabla  and  ahowad 
tha  bast  ■atarlala,  as  wall  aa  giving  an  ladloatioa  of  prOblasH.  Sons  ehai«as 
night  ba  rirn—ivlad  for  slnllnr  futura  prograaa.  Tbaaa  ara  praaantad  In  Saetloo 
VX.  RaeoHandatlona. 

B.  fiMB  TBisiu  aggawna 

1.  Boon  Tsapsratgra 

flbar  tansUa  atraoftha  at  roan  taiMmtura  rangsd  froai  13.8  x  IsP  n/a? 
(189, CXX)  pal)  to  21  X  108  a/a?  (30$|000  pal)  wban  aaaswsd  by  straads  In  Task  1. 
Valuas  fara  eonalatantl^  baloa  tha  MaufiMtwar's  apaelflontloa  valwaa.  Ntldad 
bars  or  fUsasnt  vovnd  rings  ffnw  6l  to  80^  of  tha  flb«r  atrsngth  of  straads. 

This  Is  typical;  aora  nasaiva  apaslnsns  glwa  lowar  valuas.  Alao,  tha  ;;pllt-D 
tast  for  rings  Uvosas  a  banding  load  vhleh  la  not  ooorrsetnd  In  tha  strass 
calculations. 

‘Iksk  n  strand  taats  of  Tlwmal  JO  at  room  tsnparatws  gava  lk.9  x  IC^ 
n/^  (216,000  Ml)  w  Qjf,  of  tha  aanvifaetwar'a  valua,  and  taato  of  Morgnnlta  U 
gava  20.2  X  1q8  n/n?  (293,000  pal),  or  79](  of  tha  annufaeturor'a  valua.  A^la, 
a  desparlty  la  shown  batwaan  asaafsetarar'a  valuas  and  tast  valuas.  la  fUansnt 
wound  vassals,  fibar  hoop  stmgths  of  39^  and  6n(  of  tha  raspoetlva  strand 
strengths  wars  attnlnad  for  anannl  30  and  Ngrgnnlta  ZZ.  Stasa  ralatlvalyr  low 
valuas  ara  attrlbutad  to  low  vlndlag  tanslon  and  rasln  rich  eoavodltns,  as  dls- 
cussad  aora  fully  la  saetlon  0  whloh  follavs. 

2.  Crycganle  Ibi^arstinpsa 

fibar  tanslla  strangtha  of  Mn^nlta  II  conposltas  dacraasad  slealfl- 
cantly  at  cryoganlo  fgiarsturaa  as  ooagarad  to  room  taspsratura.  task  I  work 
ualng  strands,  bars,  and  rings  gava  30)1  straogth  drops.  Task  ZZ  work  using 
vassals  gava  17^  strangth  drop  at  -193*0  and  22f  drop  at  -233*0.  Ibis  Is 
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undesirable  for  pvirposes  of  this  stuly.  No  single  •filaoent  testa  vere  run  at 
cryogenic  tenperature  to  see  if  the  strength  drop  is  an  intrinsic  feature  of 
the  fiber. 

Tensile  strengths  of  Thomel  $0  coi!3>ositeo  reoa<hcd  essentially  constant 
uitli  temperature  in  the  Task  I  work  and  inr-eased  with  lower  teo5>eratures  la  the 
Task  II  work  by  16  to  30]t.  Ihrt  of  the  increase  is  attributed  by  Aerojet  to 
their  learning  curve,  the  later  vessels  radc  being  tested  at  lover  temperatures. 
This  constant  or  increasing  strength  at  lower  temperatures  results  la  the  Thomel 
50  being  at  least  as  strong  as  the  Hoj  .^jilte  II  at  cryogenic  temperatures ,  while 
at  room  tenperature  the  Thomel  50  hv'  only  two-thirds  the  strength  of  Msrganite 
II. 


3.  Effect  of  Whiskeriag  an  Nitric  Acid  Fiber  Surface  Treataents 

Both  the  whiskering  und  the  nitric  acid  fiber  surface  treataents  reduced 
the  fibei'  tensile  strengths.  From  a  strength  standpoint,  therefore,  these  treat- 
nents  were  not  in  accord  with  the  objectives  of  this  isrogram.  Strength  reduc¬ 
tions  fron  5  to  SOJl  were  observed  with  Tbomel  50;  Morganites  I  and  H  gave  25 
to  1'}i>  reouccions.  Nitric  acid  tieatnent  gave  2  to  13i^  strength  reductions  in 
strands  but  also  nadc  the  strands  more  vulnerable  to  larger-thea-usual  values  of 
tcneile  strength  Kdwtlon  at  cryogenic  teimperatures.  Both  surface  traatsents 
were  for  the  pu)-to<ic  of  improving  the  resin  to  fiber  bond,  but  in  the  case  of 
predoainately  t-stsUo  stresses  (as  encountered  in  an  internal  pressure  vessel), 
stronger  resi'  Jonls  have  not  been  shown  to  necessarily  isflprove  the  coogositc 
tensile  streiKjth  in  th'.  fiber  direction.  Because  the  treatments  reduced  the 
composite  ss'.engths,  that  vere  eliminated  from  use  in  the  Task  II  vessel  uinding 
work. 


t .  Sff'icts  of  Cycling  Fatigue 

Cjcllng  ;  itlguo  of  rings  in  tlie  Split -D  fixture  to  1000  cycles  gave 
relutiveiy  good  results.  Boom  temperature  cycling  reduced  strengths  by  10  to 
}  but  cycling  while  cold  gave  from  'yf>  reduction  to  an  actual  sllglit  increase 
ir.  strengt'is  The  test  isgioses  a  bending  load  on  the  ring,  and  the  falser  Inter- 
JimlrMc  eh'.i’.v  .-.u-ength  at  cold  tet^wrature  Is  theorised  to  help  the  ring  with- 
ataod  thxs  t/fv  of  load.  It  seems  that  cryogenic  temperatures  pose  no  extra 
v’.-oblem  la  the  fatigue  cycling  of  unidirectional  laminates,  at  least  for  the 
fibers  %nd  r.'slns  tected.  The  excellence  of  graphite  fiber  composites  in  tensile 
fatig-cj  has  tceu  iCported,  references  (j)  and  (1). 

C.  WIDUTI  AND  EFFECT  OF  TENPSRATIBE 


Coinposlte  tensile  moduli  inci-eased  for  all  coogiosites  at  cold  teim>eratures 
cy  0  to  20)S  cospared  to  room  temperature  wd:jae.  This  is  both  an  expected  and 
a  desirable  condition.  The  moduli  values  at  room  temperature  for  Thomel  50 
and  Horganlte  II  fibers  averaged  10  to  2C^  lower  tlian  the  manufactui-ers '  values. 
Tliese  values  are  seasitive  to  the  sampling  procedure  used,  since  there  is  con¬ 
siderable  v;u:latlon  in  properties  along  the  fiber  within  a  single  roll.  Thomel 
50  fiber,  for  instance,  consists  cf  5  to  15  lengths  of  yam  adhesively  bonded 
together  to  sake  a  one-pound  roll,  tfenufacturers '  oaspling  procedures  ore  not 
known,  and  they  do  not  list  a  range  of  values  on  each  roll  nor  do  they  assign  a 
coefficient  of  variation  to  the  mean  value  for  each  roll. 
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The  ultlaftte  etTmln  value*  of  0.2^1  to  O.J-jt  found  for  the  graphite  fiber  com¬ 
posites  iu  this  work  vere  coneletent  vlth  the  objective  of  the  overall  RASA 
prograB--that  Is,  the  development  of  a  fllnoent  wound  structvue  which  la  strain 
compatible  with  thin  metallic  liner  material*  at  cryogenic  tes^rature*.  These 
strain  values  for  ipraphlte  filament  are  one-fifth  the  strain  values  obtaLied 
for  s'nss  filament  wound  structures. 

D.  FLExupAt.  MODULI  ARP  grRBiarHa 


Although  flexural  testing  la  not  directly  applicable  to  the  problem  of 
designing  Internal  pressure  vessels,  It  was  decided  that  some  flexural  data 
would  help  to  give  a  broader  baalc  knowledge  of  theae  matarlala.  n>e  testa 
showed  tVat  the  Moroni te  H  was  In  a  elaaa  by  Itaalf  for  high  flaxural  strength, 
giving  up  to  24.7  'j.  10"  n/a?  (35^,000  pet)  fiber  strength.  High  flexural 
strengths  require  htth  a  strong  fiber  and  a  good  Interlamliiar  bond  of  resin  to 
the  fiber,  and  th*  Khrcsalte  II  was  uaaxeallad  In  these  two  features.  Strengths 
were  almcst  unaffected  by  cold  teiverature,  which  for  Mv^uilte  IZ  asy  reflect 
the  Inte-.aetloa  of  decreasing  fiber  strength  and  Inereasl^  shear  strength  when 
'-old.  flexural  moduli  at  room  te^erature  vere  about  the  same  as  the  tensile 
moduli,  but  when  cold  the  fleonoral  moduli  Increased  froa  32  to  (Of,  as  eovared 
to  lu-jC  for  the  other  modulua  teats.  The  large  increase  In  flexural  modulus 
probably  Is  due  to  errors  Introduced  by  the  assumgptlons  eoamooly  male  In  these 
modulus  calculation*.  Cbe  of  thesa  assusgtlons— that  the  effect  of  rttln  shear 
modulus  1*  negUgible—probshly  Is  the  Min  culprit  In  this  case.  CM  could 
expect  the  shear  modulus  to  Increase  eeveralfold  when  going  from  warm  to  cold 
and,  therefore,  oske  the  eompoeite  eomtwhat  stiffer  due  to  lets  retln  deflection. 
Resin  shear  modulul  at  cryogenic  tenperaturee  vere  not  determined. 

S,  arrERlAIORAR  shear  aCRgKffBS 

The  slgnlficenee  of  the  coivoelte  Inter larnltmr  shear  strength  of  the  composite 
In  the  i-ali  of  an  Intemni  preeeure  vessel  has  ramifications.  Higher  shear 
strengths  are  desired  a*  the  fiber  strength*  an  Mgher,  as  the  fiber  diameter 
Is  larger,  or  a*  the  lengths  of  fibers  are  doereasad.  Also,  as  transverse  loads 
sre  introduced  (as  In  "In-plnos*  winding  In  which  the  strand  does  not  take  the 
shortest  path),  higher  sbsar  strengths  are  desired.  Lover  shear  strengths  are 
better  as  the  fiber  strengths  lom  lower  and  generally  In  the  reverie  of  the 
above  conditions.  objective  Is  to  get  the  strongest  cos^oslte  but  to  avoid 

a  brittle,  glassy  eoe»v}site  which  shatters  on  li^aet  loeding  or  becomss  very 
fulnerahle  to  scratches  or  winding  flews.  But  It  Is  difficult  to  calculate  the 
optimum  shoar  strength  necessary  tor  a  given  set  of  conditions.  Shear  strengths 
for  as-neelved  fiber  In  composites  at  room  temperature  were  from  20  x  10"  to 
91  X  10^  d/b?  (2900  to  13,200  pel),  with  Mor^utite  11  S  giving  highest  values. 
These  values  are  typical  of  values  obtained  with  these  fibers  since  the  inception 
of  comMrclSkl  granite  fiber*  In  196$  and,  coivared  to  glass  or  boron  fiber  com¬ 
posites  (ref.  (k)),  are  generally  quite  Iw.  Bsnee,  the  fiber  surface  treatments 
of  vhlskerlng  and  nitric  acid  boll  were  develop>ed  to  Increase  this  shenr  strength. 
Whlskerlng  has  been  shown  In  other  work  (ref.  (e))  to  Increase  shear  strergths 
to  as  high  as  I38  x  10'>  n/m2  (20,000  pel).  Rltrlc  acid  boU  Is  less  effective 
and  gave  strength*  In  this  study  to  67  x  I06  n/a2  (9700  pel).  But  the  drawbacks 
to  both  treatment*  Include  their  weakening  effect  on  the  fibers,  as  notac'  In 
section  B  of  tble  dlscuaslon.  Por  these  reasons,  they  were  dropped  irom  the 
Task  II  vessel  pirogrsm. 
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The  effect,  of  cryogenic  teijperatures  on  shear  strengths  was  to  Increase  the 
strengths  by  2^  to  over  100j(.  This  Increase  is  on  expected  result,  as  indicated 
by  past  studies  with  glass  fiber  coaiposltes  (ref.  (b)),  and  cones  probably  from 
the  increased  strength  of  the  resin  at  cold  tesjseratureo. 

F.  caspFicmns  ce  Eovtiisioii 


There  is  a  considerable  aisnatch  in  the  coefficients  of  expansion  (or  con¬ 
traction)  of  the  nateriais  used  in  this  program.  Tiie  composite  contraction  was 
very  low.  0.2  x  10*"  cm/m/'C.  The  resin  was  200  to  300  times  higher,  W  to 
58  X  10*“  cn/cm/*C.  Calculating  from  the  strengths  and  moduli  of  fibers  and 
resins,  the  coefficient  of  the  bare  fiber  is  negative,  -0.2  x  10*°  cn/cn/*C. 

The  coefficient  of  the  stainless  steel  liner  is  intermediate,  9‘5  x  10*0  cn/cn/*C. 
The  resin  has  a  heat  cure  and  nay  be  at  100*C  when  it  gels.  Cooling  to  room 
tesgierature  after  the  cure  Introduces  an  80*C  thermal  differential  to  cause 
stresses.  Further  cooling  to  -195  or  -253*C  results  in  up  to  1.55t  tensile  strain 
in  the  resin,  sufficient  to  cause  nicrocraclclng  and  0.3^  tensile  strain  in  the 
stainless  steel  liner.  When  the  vessel  is  pressurised,  an  additional  tensile 
strain  averaging  0.34  is  imposed.  Total  strains  are  the  sum  of  the  thersnl  and 
mechanical  strains  and  can  be  1.84  for  the  resin  and  0.84  for  the  liner.  These 
arc  rataer  high  strains  for  bot}»  nateriais  at  cold  tei^'.-rntures  and  could 
indicate  possible  vessel  problems  il'  both  mechanical  pressure  cycling  and  tem¬ 
perature  cycling  testa  ai'e  imposed. 

0.  CRfJHCTS  FIBER  QUMJTf 


Chraphlte  fiber,  as  received  from  the  manufacturers,  was  not  of  good  quality. 
It  was  often  inadequately  peeled  ana  damaged  by  shipping.  Some  contained  maiy 
splices  and  some  snarls  or  tangles.  Changes  in  weight  and  cross-sectional  area 
along  the  length  was  evident.  In  use,  some  of  it  had  weak  spots  and  broke  during 
filament  winding  to  the  detriment  of  the  port  being  fabricated.  Tbe  neasured 
tensile  strength  and  modulus  values  generally  were  appreciably  below  tbe  values 
claimed  by  the  manufcctua-ers.  "  Tue  rather  Iw  fiber  quality  caused  particular 
problems  during  tbs  pressure  vessel  fabrication  phase  when  using  in-process 
resin  Ijhprcgnatlon.  The  necessary  lew  vindlug  tension  to  avoid  an  excessive 
nusher  of  breaks  left  too  much  resin  in  the  composite,  which  in  turn  caused 
fiber  buckling  and  fiber  wash  wbeu  tbe  resin  was  squeezed  out  on  vacuum  bagging. 
The  bagging  thereby  had  to  be  diecontinued,  leaving  a  coiq>usite  both  resin  rich 
and  vith  excessive  voids.  Heat  vus  not  used  during  winding  to  reduce  resin 
viscosity,  because  In-plane  winding  places  the  strand  in  an  unstable  path,  and 
problems  of  straid  slippage  wo\ad  be  increased  by  lower  resin  viscosity.  Some 
of  the  problems  could  have  been  avoided  by  the  use  of  p:  e-lmprcgnated  fiber, 
which  is  recomoended  for  any  future  winding  of  vessels.  In  all,  tbe  material 
vas  time  consuming  to  use,  and  pert  quality  in  some  cases  was  lover  than  it 
should  have  been.  Ve  look  foivard  to  an  isqnovement  in  the  quality  of  future 
fibers. 

H.  Kir.TIi:  FRAgnjRE  CF  VKSSEIS 


All  of  the  tested  vessels  exhibited  a  brittle  fracture  mode  cf  failure,  with 
the  vessel  shattering  into  several  Xai-ge  pieces.  Tjis  is  an  undesirable  failure 
mode,  since  the  vessel  is  vulnerable  to  catastropic  failure  from  scratches  or 
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iDfiacta  (Edcroottarolds).  Thla  ra>ilur«  aoda  la  oc<l  th«  raault  ot  li^^per  fabri¬ 
cation  but  rathar  la  Inbarant  to  stiff,  noa>4uetlla  flbar  aatarlala  which  ara 
veil  bonded.  Soas  possible  ways  of  raduelac  bhls  brlttlanass  sad  larraaslDC 
the  liqiaet  stranctb  laeluda  wlodlnc  In  a  saalL  aaount  of  a  ductile  flbar  and 
optlaUzlng  tha  rasla-flbar  bond  at  a  val<aa  neither  too  hlfh  uor  too  Iw. 

V.  COHCUBXGBS 

1.  The  objective  of  c4talnlnc  MChanleal  property  daU  on  craphlta  fllsmant 
epoxy  realn  eoavosltea  at  rocn  and  eryotenlc  tai^returea  was  aeeoa^lshed. 

2.  Cold  temperatures  cenerally  decreassd  the  fiber  tSBallo  strencths. 
Horganlte  II  was  aost  seriously  affected,  with  Ifi  to  30^  streocth  loss  when 
cold.  Thornsl  JO  la  pressure  vessels  was  an  exception  and  Increased  up  to  3*^ 

In  strength  when  cold.  This  dlffereoce  la  response  to  cold  teaparaturss 
resulted  In  Tbonsl  vessels  Imwlat  a  allghtly  higher  perfcnaace  factor  (tv^  ) 
than  Morcanlte  at  cold  tiepsratures.  This  perfornsnee  factor,  astlmtsd  at 
1.5  X  10^ ;n  for  graphite  veseels  with  optlM  fiber  content,  is  ecnpetltlve 
with  bonjo  flbspr  <1.3  to  1.8  x  10^  cn)  and  two-thirds  that  of  glass  fiber 

(23  X  IQO  ca).  nia  la  prcsdslng  for  the  future  of  graphlU  fiber  in  this 
application. 

Fatigue  cycling  of  VOL  rings  to  1000  cycles  at  ultUnte  stress 
gave  10  to  ITf  strength  decreases  at  roon  teaperature  and  lass  at  eryogsnie 
teeperstures.  Tbsrefore,  low  tssvaraturss  favor  an  Incraass  In  fatigue  life 
of  these  composites. 

Tbe  fiber  eurfsce  treataante  of  whlsksrlng  and  nitric  sold  boll  reduced 
the  fiber  and  coaposiU  tenalls  strengths  (In  ths  fiber  direction)  by  5  to  70^ 
and  are  eooeluded  to  be  undesirable  for  the  objectlvee  of  tbit  progran.  Trane- 
verse  co^slte  properties  were  not  neneurod. 

3.  Cosgiosltea  nodull  Increased  by  0  to  20^  when  cold  eoevared  to  roon 
teeperature.  This  le  deelrable  for  thle  parogran.  Ultleate  strain  values  of 
0.2  to  O.51I  in  pressure  vessels,  resu].tlng  frcsi  ths  Internal  pareseure  applied, 
are  generally  cosgiatlMc  with  thla  ■rtallle  Uasr  mterlals,  l.e.,  stsdnless 
steal  type  30b.  TJie  concept  of  ecnstruetleg  U^toelght  fUensnt-wotod  veceels 
by  winding  grnphltc  fibers  over  a  ■aUUlc  liner  appenre  prendelag. 

4.  Flexural  tiod  Interleedoar  shear  parepertles  were  nseeured  to  give  e 
broader  basic  Irnculedgs  Of  the  amterlals.  Flexuaral  strengths  wars  unaffected 
by  cold,  but  n.axuraa  nodull  Increased  up  to  6B$  when  cold.  Inter! eninar 
shear  strengths  Inersassd  by  2)1  to  ovar  100]l  wbro  cold. 

5.  Ths  thsnal  ecntraetlon  of  tbs  flbar  ovar  ths  tsiptratura  ranga  422  to 
-195*C  was  calculntad  to  be  slightly  negative;  that  Is,  ths  fiber  Increased  In 
length  In  going  down  throi^  thie  217*C  ranga.  Tbe  rfeln  end  tha  stainless 
steel  liner  esterlal,  00  ths  othsr  hsad,  shrink  consldarably.  Tbsss  estcrlsls 
co8d)lned  Into  s  vassal,  cooled  to  liquid  nitrogen  tesgperature,  and  pressurized 
would  give  approxlnately  0.3jl  tsnslls  strain  for  the  fiber,  but  the  liner  strain 
would  be  0.6^  and  tbe  resin  strain  1.8^  Tbsse  ars  rather  high  strains  for  the 
liner  and  resin  roterlals. 
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6.  Grarhlte  fibers  as  received  from  the  aonufacturers  vert^  not  alvays  of 
good  quality.  Strength  and  modulus  measuremsnt  results  were  nearly  always 
below  the  manufacturers  stated  values,  and  yarns  and  tows  -ere  sooetloes  futzy 
and  orolcen.  As  a  result,  the  fibers  were  often  difficult  to  use  end  composite 
qurlity  soirotioeB  suffered. 

7.  All  of  the  tested  vessels  exhibited  a  brittle  fracture  mode  of  failure 
at  both  room  and  cryogenic  tempeiaturos.  This  is  undesirable  but  inherent 
to  these  stiff,  brittle  fibers  and  composites  tliereof.  Brittle  structures  era 
particularly  •■•ulnerable  to  fabrication  (uvi  handling  damage  and  require  carer'ul 
procedures  end  good  Inspectloa. 

VI.  R2C0>W6KnATI0itS 

From  the  reeulta  obtained  as  reported  herein,  certain  pioblems  were  uncovered 
and  certain  questions  left  unanswered.  Any  further  work  coaui  include  the 
following : 

1.  Run  -ingle  filamait  tests  at  cryogenic  tes^rature  to  see  if  modulus 
and  strength  rhanges  arc  intrinsic  to  the  fiber. 

S.  Use  prepreg  in  the  vessel  winding  to  allow  closer  control  of  the  fiber- 
resin  content. 

3.  Use  leaning,  or  proof,  vessels  and  qualify  these  before  the  main  test 
vessels  are  constructed. 

4.  Consider  helical  wlnJlng  Instead  of  In-pliae  winding  for  cylindrical 
shaped  vessels.  Helical  winding  places  the  strand  in  a  stable  peth  and  should 
eliminate  atrand  slippage  <m  toe  rasidrat.  A  discussion  of  the  relative  merits 
of  in-plane  vs.  helical  uir.ding  would  be  extensive,  but  at  least  strand  slippage 
is  easier  to  control  with  helical  winding. 

vn,  roLUw  oa  work 

This  cryogenic  work  is  continuing  as  Tasks  III  -  VI.  The  objectives  of  this 
continued  work  Include  tests  of  additional  rer'ns,  partltjlarly  rubber-epoxy 
polyblends,  crack  propagation  and  fracturfe  studies,  and  testing  of  bldij-ecttonal 
filament -wound  plates.  Reports  will  be  issued. 
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i.  MKHUaCAt  ISOPHCriES  OF  THCRUBI,  50  YAHH 


Hmufacturer's  Data  (Total  12  Rolls): 

_ n/'a^ _  _ pifsl 


Bin. 

>VB- 

naxs 

■in. 

uaxa 

u.. 

Tensile  Msdulus 

31.0  X  10^0 

33.2 

35.2 

45.0  X  106 

48.2 

51.0 

0.05 

Tensile  Strength 

15.9  2 

17.9 

19.8 

230  X  lo3 

259 

287 

0.06 

Strand  Test  Data 

(Total  22  Bolls  and  43  Individual  Tests): 

Tensile  Kidulus 

26.1  X  10^° 

30.4 

33.5 

37.9  X  10^ 

44.1 

48.6 

0.07 

Tensile  Strength 

P.65  X  105 

14.9 

19.7 

140  X  103 

216 

285 

0.23 

B.  ICCKANICAI.  FROraariES  CT 

n/^ 

MaRGUim  TCH 

Pfsi 

nrln. 

avg. 

max. 

cdn. 

mi. 

aaxs 

Hmufacturer's  Osta  (Total  16  Rolls): 

Tensile  Holulus 

22.8  X  lo40 

26.6 

29-7 

33.3  X  108 

38.6 

43.1 

0.09 

Tensile  Strength 

23.C  X  108 

25.4 

28.8 

333  X  lo3 

369 

4iB 

0.08 

Strand  Test  Osta 

(Total  4  Rolls 

and  42 

IlyS..vidual  Tests): 

Tensile  Modulus 

20.2  X  1040 

21..’. 

21..  9 

29.3  X  108 

.^0.5 

31.8 

0.03 

Tunhilc  Strength 

IB.2  X  108 

20.2 

22.1 

264  X  103 

293 

320 

0.08 

31 
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TENSILE  8AHS  FOR  MODULUS  AND 
STRENGTH.  BAR  ON  LEFT  HAS 
ELECTRIC  STRAIN  GAGE  BONDED  ON. 
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FIG.  th  »OSS  OETAIl.  FOR  8-IN.  WA.  PRfSSURE  VESSEL 
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FIG.  U  M£TAL-L1NED  GRAPHITE  FILAMENT  WOUND  PRESSURE  VESSEL  -  8.00  D'A 
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FIG  .  6  TKORNEl.  50  FILAMENT  WOUND  PREiSURE  VESSfl  1-3 
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Reproduced  (rom 
best  available  copy. 
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FIG .  !0  FIK8  AND  COMPOSITE  TENSILE  STRENGTHS 
A'/ESAGE  values  from  unidirectional  molded  bars 
TtSTtD  at  22°C  and  in  LIQUID  NITROGEN 
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ULTIMATE  STRESS  IN  FIBER  OiRECTlOiN 

POUNDS  FORCt/INCM^ 
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FIG.  9  FIBER  TENSILE  STRENGTHS 
VE'AGE  VALL’ES  FROM  RESIN  -  IMPREGNATED  STRAND' 
TESTED  AT  22°C  and  IN  LIQUID  NITROGEN 
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FIG.  12  F1U5  tensile  STRENGTHS  -  W.HI5KERED  FIEER 

a'v'erace  values  from  resin-imfregnateo  strands 

TESTED  AT  22°C  AND  IN  LIQUID  NITROGEN 
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UI.TIMATE  BENDING  STRESS 
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■  NUMEEES  SHOWN 

RESIN  I:  ERL  225VZZL  0820  3  S  ARE  COtEfiaENTS 

RESIN  2:  EPON  828/DSA/  d  o  Of  VARIATION 

EMPOL  1  two/ soma 


FIG.  13  FILAMENT  TENSILE  STRENGTHS  -  WHISKERED  FISER 
AVERAGE  VALUES  FROM  INDI'/lCHJAl  FILAMENTS 
TESTED  AT  22°C 
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FIG .  1  5  FIBER  AND  COMPOSITE  TENSILE  STRENGTHS  -  NITRIC  ACID  TREATED  FT 
AVERAGE  VALUES  FROM  UNIDIRECTIONAL  MOLDED  EARS 
TESTED  AT  22‘’c  AND  IN  LIQUID  NITROGEN 
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riG.  17  riEE?  AND  COMPOSITE  TENSILE  MOO'JLI 
AVERAGE  values  FROM  UNIDIRECTIONAL  MOLDED  BARS 
TESTED  AT  22‘^C  AND  IN  LIQUID  NITROGEN 
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FIG.  20  FIKR  AND  COMPOSITE  FIEXIMAI  strengths 
average  values  from  NOL  ring  sections  -  3-POINT  METHOD 
TESTED  AT  22®C  AND  IN  IIOUTD  NITROGEN 
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RESIN  I;  EtL23S4/ZZL0«20 
RESIN  2;  CPONt2a/OSV 


RA£  IHO»NEL  50  HMG  25  SAWCO  360 

MORGANITE  I 

FiG.  19  FISER  AMO  COMPOSITE  TENSIIE  MOOUll  -  Nimc  ACID  TREATED  FIRER 

average  values  from  unidirectional  molded  bars 

TESTED  AT  22°C  AND  IN  LIQUID  NITROGEN 
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AVERAGE  VAiUES  FROM  NOl  RING  SECTIONS  -  3-POINT  METHOD 
TESTED  AT  22°C  AND  IK  LIQUID  NITROGEN 
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FIG.  23a  COMPOSITE  INr£«LAA<iNAI!  SHEAS  SISENGTi^S 

AVtSAGE  values  fsom  unidisectional  molded  bass 

TESTED  AT  22°C  AND  IN  LIQUID  NITROGEN 
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VISCOSITY,  CfNTIPOISt 


60 


NOLT«  69-183 


FIG.  24  VISCOSITY  OF  RESIN/HAUDENEII  SYSTEMS  MEASURED  AT  T2°C 
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FIG.  31  KESSUM  VS  STRAIN  FO«  »URST  TEST  AT  22®C  FIG.  32  r»£$Sl*£  VS  STRAIN  FOt  BURST  TEST  AT -I9S°C 

(75°F)  TANK  T-3  (-32<f  F)  TANK  T-4  . 


FRESSURF.  KXJNOS  FORCE/I NCH^ 


T 


mSSURE.  FOUNDS  FORCE/INCH* 


ai-69yi-iON 


b8 


ai*««icxioN 


FIG.  35  mssu«£  VS  STRAIN  FOS  SUtST  TEST  AT  sa'c  FIG.  34  PtES^  VS  STRAIN  FOR  »U«ST  TEST  AT -I95°C 

(75°F)  TANK  M-l  (-SSITF)  TANK  M-2 
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APTUroiX  A 

RESn  CCNTHR  IXTSUGMATICM 

tha  coq^slt*  r«ain  oontant*  far  both  Tiuka  1  aad  II  vara  dataralaid  by 
burroff  In  air  or  by  tbaroal  degradntioa  of  tha  raalna  In  vacuum.  Bumoff  in 
air  vaa  dexoa  at  370*C  for  16  boura  but  vaa  not  aultabla  for  uaa  vlth  MMrcanlta 
II  flbara,  elnca  tha  fibara  oxldlaad  raadlly  under  tbaaa  ooodltloaa.  Vbon 
Morganlta  II  flbara  vara  praaant,  tha  analyala  proeadura  vaa  typically  as 
daaexibad  by  Aarojat  for  thalr  vaasala  la  Taak  IX. 

Tart  Proeadura 


Tha  raaln  and  graphlta  contant  of  tha  coavoalta  of  aach  vaaaal  vaa  datar* 
adnad  by  a  thamal  dacradatlon  proeaaa  ttsln<  sis  apaelmana  from  aach  vasaal. 

Tha  spaclmans  vara  placed  la  tarad  ccntadaars,  than  dried  aad  valihad  at  b9*C 
(120^)  for  2b  hours  or  so ,  or  tatll  a  rapatltloa  of  the  drylaf  aad  val^hlns 
ahovad  no  further  val«ht  lasa.  Tha  Thonal  }0  spaolaans  vara  than  pXacad  la  a 
vaewai  ehaSbar  aad  haatad  at  I|8T*C  (600*?)  fw  60  hours.  Tha  Nartaalta  X2 
speelmins  vara  bald  la  saeuuai  at  53B*C  (1000*?)  for  I6  hours.  Tha  praasura 
during  bumoff  vaa  2.7  n/tr  (O.OB  torr)  cr  lass.  Tha  ebaslaar  aad  SM^laa  vara 
than  cooled  to  93*C  (200*?)  car  loner  uodsr  vaeutsa.  after  vhleh  tha  spaclsana 
vara  placed  la  deslccatoars  for  flaal  cooling. 

Bach  lot  of  Mxrganlta  XX  speolaaas  Included  tvo  addltlcaal  ecatrol  spaclaani 
furnished  by  VOL  vlth  kaova  graphite  contaat.  Pravloualy,  sesaral  hunonff  tests 
of  spaclmans  of  raaln  2  only  vara  parfoarmad  to  astahllah  tbs  ash  rasldua  of  the 
rasln,  vhleh  vaa  determlaad  to  be 

The  speelasas  vara  cut  vlth  a  bole  aev  aad  vara  3>b3  cm  (1.35  la. )  la 
dlaanter  by  compoaite  thickness  (0.b97  bo  0.762  cm.  or  O.lfiO  to  0.300  in. ).  All 
of  the  specimens  vere  taken  from  the  eyliadrleal  eeetloa  of  the  vaeeel  to  obtain 
uniform  values,  except  for  vaeeel  T-1  vhleh  also  had  spaclsmma  ftom  the  boss  and 
rmirkin  areas.  Cara  vas  taken  to  remove  tha  innermost  portloa  of  each  apoclann 
to  eliminate  the  scrim  cloth  aad  adhaalvr  qrstem  usad  for  beading  tha  eoavoalta 
to  the  etalnleaa  steal  llnar. 
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AraOJET-asaSIUL  STBABD  TETT  FROCSntKil: 


Te»t  Pequ-lrCTent 

The  contr<kct  >p«ciri«d  that  a  quantity  of  12C  to  360  ttraod  lasts  to  asasurs 
stren{:ths  aod  BOdu.ll  vould  bs  parfonsd.  A  suggasted  protsdur*  for  parfomlng 
the  tensile  testing  was  provided  by  nOL. 

Teat  Proced'are 


Aerojet  prepared  aad  tested  137  strand  speclMaa,  52  durlnc  technl^us 
developnent  Bl<b<ay  ibrouctt  the  porogreji  aad  85  later  In  the  pirocrea.  A  4, 5^*0  Kg 
(10,000  lb)  Inatron  testing  Bacli^ne  was  used  for  the  tensile  testing  of  the 
strands.  The  speelnsn  grips  were  &utroa  Serew-Aetlon  tMsl  0-61-lI>  with  saooth- 
groisKl  rubber  faces.  An  Instroo  Stialn-Oiga  Sxtensoaster  (vlth  a  2.5^  en  (1  In. ) 
gage  length  aad  500  aa^tifleatloB)  was  used  for  strain  SBasurwant. 

Testing  tcehnlgtMS  for  Tbomel  50  yam  were  developed  first.  Xn  aoeordanee 
vlth  the  suggested  procedure  of  BOL,  lengths  of  single  50.8  os  (20  la. )  yam 
were  Isgregoated  with  resin  2  and  cured.  A  tension  of  35  grans  was  applied  to 
tlie  strand  during  the  cum.  At  first,  the  •Ms  of  the  strand  wem  then  bonded 
between  cardboard  tabs  to  fseUltate  acuntlng  of  the  speelnsn  In  tbs  test  grips. 
Strain  nsssursnint  was  attempted  through  nsaauranent  of  cross  hsnd  tmvsl  over 
15<2-<entlsNtsr  (slx-lnch)  and  25*^-tsntlaster  (ten-lneh)  ptfs  Isngths  of  the 
strand.  Testing  of  the  eardboard-nounted  strands  showed  repreceoUtlve  values 
for  strength  but  low  nodulus  valuta.  This  was  attributed  to  winar  slippage  of 
the  etrand  In  the  cardboard  faces  or  the  cardboard  facet  la  the  ffrlpe.  Since 
elippage  could  be  tolemted  la  the  strength  .amsureMnt  but  not  In  the  strain 
aeasuresMnt,  the  straln-^ige  extenaonster  was  tried  by  nowtlag  it  directly  oo 
the  strand,  resulting  la  eecumte  nodulus  values  hut  low  strength  TaXuss.  The 
cardboard  Aiders  were  then  dleoerded,  since  they  Interfered  with  the  axten- 
sosnter  and  the  strands  wem  clashed  dlractly  In  the  nAher-faeed  gripe.  Mount¬ 
ing  the  extensonster  on  the  etreads  bent  then  and  probably  oauaod  tha  low 
strengths.  A  pretensloolng  of  10^  sae  than  tried  before  the  getroaonater  was 
attached;  this  proeedum  proved  sueoasaful  and  msulted  la  good  values  for  both 
BOdull  and  strengths. 

The  tensile  testing  of  Ibriptnlte  IX  strands  was  perforasd  In  the  sene  way, 
vlth  ooe  exception.  The  Wxr^uilte  H  tow  bad  apprcMaately  13  tlass  the  croas- 
sectlooal  area  of  the  Thomel  yam.  Coosequsntly,  the  ends  of  tha  strand  needed 
a  greater  surface  area  to  prevent  sllppagi  In  the  rubber-faced  grips  during 
tsstlng.  The  greater  area  was  achieved  by  olasvlng  the  soda  of  tbs  strand 
between  flat  alunlnus  platea  during  cum.  A  tanslon  cf  b.5  Kpm  (ten  pounds) 
per  strand  was  usad  for  the  Itorganlte  tow  during  tha  cum. 
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1.  P^Blgn  A..-t-ly8l» 

The  preifure  deii^jn  parAaaters  iLr*  thovn  In  Tnbl*  C'l*  Tha  d«tl^ 

vas  onoi^zed  to  dataradn*  atraiMa  nod  atrAlA*  In  th«  fllnaanta  and  llnar  \a>d*r 
wioua  lending  condition*.  Th«  Tbom«l  JO  v***el  itr«****tnlA  r«lktlon*hlp 
(at  24*c)  Tor  tho  hoop  vlndln^t*  of  cylindrical  portion  of  th«  v«*m1  and 
the  liner  up  to  theoretical  hurat  atrength  la  abovn  on  figure  C>1.  figure  C-2 
ahova  the  sane  relatlonahlp  for  tho  Morganlte  II  raaaal. 

The  computer  output  vaa  uaed  to  conatruct  preaaure-atraln  currea,  for  2V*C 
teat  teoiperatur*,  to  eoa^pare  the  Maaured  pr**aur*>*traln  ehaxaetagrlatlea  vlth 
the  predicted  behavior.  The  predicted  curvea  for  2<**C  ar#  preeanted  in  figure 
c-3  for  the  Thomel  $0  veeeele  and  In  figure  C-l»  for  the  veeeele. 

The  Initial  allghtly  steeper  portion  of  the  curve  Is  due  to  the  loed-oerrylng 
eapeclty  of  the  liner.  Xe  the  liner  letdargoea  plasty  deformtloo  shove 
6.89  X  10°  o/^  (1000  pel)  for  Thomal  and  i».a3  x  lOP  n/a?  (TOO  pel)  for  Mxr* 
ganlte,  the  Increasing  lo^  le  token  by  the  fUanent •wound  eoivoslte.  fron 
these  coevuter  resulta,  dlnanalooal  and  natarUI  paranatere  for  the  veeeele 
were  calculated,  aui  ahown  In  Vable  C>2. 

2.  Weight  Xnaljele 

Tlie  velgbta  of  the  various  ccn|>ooente  of  the  tank,  calculated  fron  design 
details,  are  *s  follows; 


Eetlnated  Weight 


Marganlte  II 


Tbomel 

50 

-1  Veaael* 

-2  Veaael^ 

PovBida 

fbuodfl 

Pound* 

(kviphlte  fUanent- 
Uound  Ccagwtlte 

Graphite 

1.63 

0.71 

1.71 

0.7Q 

1.14 

0.52 

healn 

0.67 

0.30 

0.67 

0.30 

0.45 

0.20 

Subtotal. 

2.30 

1.04 

2.30 

1.06 

1.59 

0.72 

Metal  Llnor 

Meafcrame 

0.55 

0.25 

0.55 

0.25 

0.55 

0.25 

Boaaea*^ 

1.1*6 

0.66 

1.46 

0.66 

1.46 

0.66 

Subtotal 

2.01 

0.91 

2.01 

0.91 

2.01 

0.91 

foUJ - 

1*.31 

1.96 

4.39 

1.99 

3.60 

1.63 

a  3/3  wall  veaeel; 

b  2/3  waU;  e 

red«eadaat  boat 

daalgn  h  ezeoaelve  wt 
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3 •  winding  Jtittern  CalculRtloca* 

n-  Featurea  of  Thomal  $0  Y«m  >na  KargiLnlte  (Typ«  II)  Tow 

(1)  Thornal  50.  froa  Uilon  Caitld*  Data  Sheets  equlv»l«nt  fUMMnc 
diameter  of  IndJLvlduiir  fleers  of  Tbora*!  50  !•  6.6  aleroas,  or  2.6  x  10*^  In. 

In  &  aingl*  y*ra  tb«r«  nr*  720  filnaentt  p«r  i>ly  tad  tMO  pllt:  per 
yarn,  or  n  total  of  l>t40  fllaannts  per  yam.  The  croae -sectional  area  of  a 
single  yam,  Ay,  la  then; 

Ay  -  Af  Hf  -  Bf 

Af  -  area  of  single  fllsaent,  ia.^ 

Bf  •  nuaber  of  ftlaaeats/yam 
Df  •  dlaaeter  of  single  fUaaent 
1  .  n  (2.6  X  10~**)°  (llaHo)  -  76.U  x  10*6  in.2 

j  It 

Using  another  aiathod,  the  yield  of  Thomel  50  yarn  arerafes  19)600 
density  of  Thomel  50  is  O.0588  lb/ln.3.  Tte  cross-sectional  area 
yam,  Ay,  is  then: 

where  W  •  velght)  Ih 

L  •  length.  In. 
p  •  density,  lb/ln.3 

A  -  _  1  Ib  _ . 

y  (19,600  ft/lb)  (12  In./ft)  {0.0588  Ib/ln.3) 

This  cotqpatres  with  a  cross-sectional  area  of  420  x  10*^ 

20-end  3  glass  roylng: 


72.3  X  10*^  In? 
In.®'  for 


where 


ft/lb.  The 
of  a  single 


420  X  10-^ 

75-.Tx-  ro-6 


5.8 


*  Hxisentatlon  of  these  catlculatlons  in  both  the  8.1.  and  fiigllsh  systass 
would  be  cuBhersoae  and  difficult  to  follow.  The  Qigllsh  systea  only  is 
used. 
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Tliu«,  $.8  Thornal  y&rna  *r«  e^ulv«lent  to  20-end  3  (leee  roving  In 
croao-eectional  area. 

(2)  Hargenlte  (Type  H) 

The  yield  of  Mjrguilte  II  tov  average  1710  ft/lh.  The  denalty 

io  0.063  lb/ln.3 


-  _ LiS _ - 

(1710  ft/lb)  (12  In./ft)  (0.063  lb/ln.3) 

77**  X  10-^  ln.2 

In  comparison  with  20-«Dd  8  glAss  roving^  tho  Hbrganita  n  toir 

i*» : 

1*20  x_10-6  . 

77**  X  lO*^ 

Er  area,  1.8  glaee  rovlnga  equal  ooe  ttorganite  II  tow. 


b.  ’Oiomal  JO  Winding  Battem 
(l)  Loogltndlaal 

(a)  lhafcw  of  toyere.  froa  tba  deeign  analyela,  the  required 
loogltudlnal  flliuiant'«ound  a<avMlte  tbleknaee  at  tba  equator,  TO,  Is 
O.OJ83  in.  Tbe  maber  of  layers,  Is  establlsbed  froa  tbs  relstlonsblpi 

_  ,  vb«xe  t,^  I  -  thlekxMss  of  a  single  layer. 

from  experlamtal  laboratory  vork,  It  has  been  estebllsbed  that  tba  thlok- 
oesa  of  a  single  cured  layer  of  yam  vraFi<ed  In  a  elde-by-slds  pattern  Is 
about  0.011  In.  Therefore,  1st 


h.  “  ^ 

t,  ,  -  TO  .  a;05§i„0.00972  In. 
■»  •*  Li  ^ 
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(b)  Hunt>«r  of  B«volutloo».  Th*  nuaber  of  ravolutlooat  la 

given  by : 


"l 


.  ^  .  6  . 

2  2 


3 


(c )  Tapa  Width  and  Turoa  par  Rawlutloo.  Laboratory  axparlMOta 
were  conductad  ualng  varloua  coaibioatlooa  of  yama  la  buadlaa  aad  vladlag  thaa 
onto  tiia  d'ln.  dlaaetar  by  13*ln.  loac  Uaar.  Baa  ad  on  tbla  work,  It  waa 
deterndnad  that  vlodlnc  two  bundlaa  coaalatlnc  of  ats  IhOTMl  y>  yama,  aaeb 
aida>by-8lde,  would  provide  a  good  tape  for  vaaaal  wludlag. 


The  vlndlnc  tape  width  for  aaeb  biaodla,  la  (Ivan  by: 


where 


‘a,  1  ^g 


Ky  •  nuaber  of  yama/biaidXa  ■  6 

■  vol.  fraotlon  fUanaota  In  cae^oalta  ■  0.6$ 

Been  o-yam  bundle  haa  tba  foUowlne  IdaaLllMd  eurad 


try! 


_ /  ^  .  I 

0.069  la.  - *. 


_L 

0.00971 

~r 
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n*  nuaber  of  turn*  p«r  ravolutloo,  N^*  8lv*« 

*3  “  "  'buniU**  of  width  w*  u»*d  hnd 

—TvT- 

•  neutral  aal*  dlaaater  of  loocltudlnal  fllaarat-vound 
coq^alt*  •  7- 62V  In. 


a  ■  ln-pl*a«  vnp  iya&l*  •  13* 

■2  -  tum*/r*Tolutlon 


(2)  Hoop 

(a)  RuiAar  of  layar*.  Th*  r«qulx«d  hoop-wou>d  eOMpoalt*  tMftkn***, 
TH,  1*  0.100  In.  Thl*  coapo«lt«  «m  mapped  with  «  6*jam  bundle. 


The  nuRber  ol  leyar*,  1^,  1*  e*tebXl*h«d: 


Experlaentel  vlndlnt  showed  better  e<«ve«tloa  by  uslnc  9  layer*.  Therefore^ 
use  9  layer*  and  adjust  ta« 

t.  -  3.  -  9lli2®  •  O.QUl  In. 

(b)  Tiape  Width  and  Turns  per  Uyer.  The  required  tape  width  let 


'*,h  *^Te 


0.061 


The  turns  per  layer,  Is: 

I«  »  Ss  ■  7.3*»  •  120  tuns  In  7.3*»  In. 

Wj^  oroST 

0.  HargsLotta  (ftrpe  n)  Wlndlni  l^tteni 
(l)  Longitudinal 

(a)  Rvatoer  of  layers.  Let 

lx  -  6 

S,1  “  ^  ■  2i^2®i  .  0.00972  In. 


(b)  Ruid>er  of  Berolutloos 

Hi  •  ^  -  6  "  3  lerolutlona 
^  5“  ? 
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(c)  T*v  Turn«  pr  Revolution.  Th«  vlndln^ 

two  MDrswUIto  n  tow*.  tSt 


t,,l  -  0.00972 

V  -  (77»>  «  10-6)  (g>  .  o^2^5 
f;;jT‘vg  (0.00972)  (0.65) 


H^  ■■  tt  Cg  co«  or 


■  n  (7.324)  (0.97*»)  “  9fl  turn«/r*YOlutlo«i 


(2)  Hoop 

(•)  ? 


rs.  Ltt 


tg  ■  10 

™  -  2:^  .  0.010  la. 


(b)  ^k^>o  Width 


•  *y  *y  ■  (7**^  «  10*^)  (l)  .  0.119  la* 


'.,h 

W-  «  -  7.34 


(O.QIO)  (0.63) 


tuna  la  7*3**  la* 
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TAULX  C-1 


msian  fammeters  for  grafkite  ritANarr-woiMS  iTtEssinx  vessels 


FUrt  A 


ThorMl  50  -1  M)reuat«  11  -2  McrfUtU*  ZZ 

v«aMl  V«»— 1*  VMl” 


IT." 

cm 

in. 

ca 

lAa 

ea 

lilnar  Dlaaeter 

7.766 

19.726 

7.766 

19.726 

7.766 

19.726 

VesMl  Length  Betvaan  TWL 
Kautral  Axle  at  Boeeca 

12.250 

31.115 

12.250 

31.115 

12.250 

31.  U5 

Folar-Bota  Dlaattar 

2.900 

7.366 

2.900 

7.366 

2.900 

7.366 

Matal-Llxtar  TMoknaaa 

0.006 

0.015 

0.006 

0.QI5 

0.006 

0.015 

I/>ngltudlnal  FllaMnt-Vouad 
Coavoalte  Thlclcoaaa 

0.058 

0.11*7 

0.058 

0.11*7 

0.039 

0.099 

Hoop  riXaBBOt-WouBd  Coa- 
p<.flta  'rhloknaaa 

0.100 

0.25* 

0.100 

0.85% 

0.067 

0.170 

Deilga  Burit  rF«Mvar«t  at 

75*F,  pay 


1, 106 


8500 


a  Thi-ea-thlrda  uaZI  vaaaal 
b  Tvo-thlrda  vail  raatal 
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TAJBU!  C-1 

resicai  mAMETsts  tor  GRAPEsnc  riiA)CKr-woun>  fressirk  vissbls 

nu*t  B 


tyy*  3<A  0«phit«  rilumt -Wound 

•M/rlnl***  Strol  Coyool^ 


f 

• 

II 

AaaesOed 

tborael 

a>asa[i;n 

Denalty 

lb/ln.3 

gl!'/c»3 

0,209 

3.000 

O.Oik 

1.495 

0.0$6 

1.551 

Coefficient  of  ThenMl  KxpenalOD 
In./ln./f  at  f75  to  -4a3*r 
cb/cm/'C  at  +22  to  -253*C 

6.760  X  10-f 

12.168  a  10-® 

— 

Tensile  TieM  Stren^h 
pel 
nV 

30,000 

26a  X  10° 

— 

Derivative  of  Yield  Streceth 
vlth  Respect  to  Teicwrature 
pel/*r 
n/«2/*C 

-U6.0  . 

•l.W»  X  10° 

— 

— 

ICIutlQ  >UxU.ua 
pel 

n/.2 

29-**  y  10^ 

203  X  109 

50.0  X  1<A 
3V5  X  10? 

35  *  10^,, 
24i  X  10? 

Derivative  of  Klaatle  Wadulua 
vlth  Respect  to  Teaperature 

pei/rr 

-8030 

-99.7  X  10” 

-3500 

-43.4  X  10° 

— 

FXaatlo  M3dulua 
pel 

800,000 

5.5  X  109 

— 

— 

Derivative  of  Flaetlc  Modulus 
vlth  Respect  to  Teaperature 
psi/*r 

n/a2/*C 

-0.1 

-12»K) 

— 

— 

Folsson's  Ratio 

0.295 

— 

— 

Derivative  of  R)lssan'a  Ratio 
vlth  Respect  to  7^^J^perature 
i/*r 

l/*C 

0  0 

— 

— 

C-* 
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TABUS  C*. 


DESIGM  FAlUMmRS  KR  CaUPtOR  ntAMOrr-WOUID  FRtSSUtX  VISSXLA 


Prop«rtl«« 


Voluae  Fraction  oT  Fllnaant 
In  Coat>oalt« 

rUauant,  Datlgn  AUaoabXit 

Str««a 

103  pal  at  75*F 
n/a^  at  2i*C 


Hrt  B  (contlnuad) 

Typ*  304  Qraphlta  Fniaant-Wouad 

Stalnlaaa  Staal  Coyoalta 

Anpaalad  Ttiomal  $0  itaffcnltaTT 


0.6$  0.6$ 


Hoop  tonal  tudlnal 

143.0  .  130.0 

966  *  10^  896  *  10° 


•  rilmaant  MoAulua 
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TABLK  C-2 

DDCniClUL  AKD  MTBRIAl  PASAJCTISS 

CRAmrc  FiLuoirT-wourD  nosstai  vbssxu^ 


Dioenslona : 

Thomel  50 

Vessel 

-1  Morganlte  II 

vessel* 

-2  Morgsinlte  H 

Vessel^ 

Outside  Cylinder  Diameter 

a. 06a 

20.520 

8.062 

20.526 

7.977 

20.262 

OULalde  Diameter  of  Metal 
Cylinder 

7.766 

19.726 

7.766 

19.726 

7.766 

19.726 

Inside  Diameter  of  Metal 
Cylinder 

7.75'* 

19.695 

7.754 

19.695 

7.734 

19.695 

Hetal-Llner  Thickness 

0.006 

O.Olf 

0.006 

0.015 

0.006 

0.015 

Total  Coopoalte  Cylinder 
Uall  Thickness 

0.150 

O.kOl 

0.158 

0.401 

0.106 

0.269 

Longitudinal  Wovnd 
CoD^slbe  Thickness 

0.050 

0.147 

0.050 

0.147 

0.039 

0.099 

Hoop  Wound  Cossposlte 
Thickness 

0.100 

0.254 

0.100 

0.254 

0.067 

0.1,0 

Bosa-to-BoMS  Length 

13.16 

33. ‘‘3 

13.16 

33.*»3 

13.16 

33.43 

Cylinder  Length,  Tangent 
to  Tangent 

7.3‘‘ 

10.64 

7.3** 

10.64 

7.3< 

10.64 

Torvard  Boea  Outside 
Diameter 

2.^ 

7.37 

2.90 

7.37 

2.90 

7.37 

Aft  Boss  (Xitslde  Dlamster 

2.90 

7.37 

2.90 

7.37 

2.90 

7.37 

Material  I^Lx«Mt«ra: 


Liner  and  'doaa  Mktarlad. 
rilaxnents  Type 
Healn  l^trlx 

Llner-to-Coevioalta  Adhealve 


Type  3(A  Stalnlaaa  Steel  (Aanealed) 

Thomel  50  or  Itor^Loite  (Type  H) 

Bpon  626/EiCiol  I0li0/D6A/BI1H1 

Adlpreoe  L-lOO/Bpi-rex  5101/JCCA  (00/20/17) 


a  Three-ttirda  Wall  Vaaael 
b  TVo-Thlrda  Uadi  Veaael 

c  Ideatlfleetloo  Infcoraatioa  (cootlnu^  next  pe4ie) 

C-10 

UKUSSmiSD 


82 


UKUSSiriSD 

HOU*  69-183 


TABUS  C‘2  (coatisued) 


IdentlflcAtlon  inforaitlon: 

Tbornel  ^0  pratsure  veiMl,  Aerojet  (Ixmvlng  Mo.  126921^-1 
-1  Harganlte  II  preeiure  vetMl,  Aerojet  drewing  Mo.  1269226-1 
~2  MorgMlte  II  pressure  vessel.  Aerojet  drevln^  Mo.  1269226-2 

Liner  for  Tliomel  90  vessel,  Aerojet  drevlng  No.  1269205-1 
Liner  for  -1  tbrgSLnlte  n  vessel,  Aerojet  drevlng  Mo.  1269205-1 
Liner  for  -2  tfar^uilte  II  vessel.  Aerojet  drevlog  Mo.  1269205-1 

Internal  voliae  for  Tbornel  50  vessel  -  511.3  eu  In. 

8379  cu  cn 

Internal  voIusm  for  -1  Marssnlte  II  vessel  -  511*3  cu  In. 

8379  cx^  en 

Internal  voluns  for  -2  Marsaolte  II  vessel  -  511*3  eu  In. 

8379  eu  en 
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FtG.  C-2  MORGANITE  (TYPtnJ  PRESSURE  VESSEL  STRESS-STRAIN  RELATIONSHIPS, 
HOOP  DIRECTION  OF  CYLINDER,  22  C  <75®F) 

(THREE-THIRDS  WALL  VESSEL) 
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APITHDIX  D 

rAIWICATlCH  or  vessel  likers 

Tha  liners  were  osde  of  SS  30^  atalnlata  tteal,  0.01^  ca  (O.OOo  la- )  thick* 
The  liner  head  lectloos  vere  foraed  by  saodvlehlng  the  liner  between  eteel 
sheets  and  forcing  the  sandwich  through  a  ring  using  a  plug  of  the  propor 
contour.  After  hast  treetaent  to  relleva  stressae  Introduced  In  fnbrleatloni 
the  head  section  was  resnvad  froa  the  sandwich  and  trinnsd,  and  the  opening  for 
t.he  polar  boss  was  punched. 

The  polar  bosses  were  aochlned  froa  SS  3^^  bar  stock  In  accordance  with 
Fibure  4b  In  tha  eoln  text;  particular  core  was  token  to  aalntaln  the  thlckiMSS 
of  tha  flange.  Welding  doublers  used  to  Join  ths  bead  to  tha  boss  vere  fabri¬ 
cated  froa  0.020  ca  (0.006  In.)  thick  stainless  steel  foil.  A  slight  radius 
was  rolled  Into  each  doubler  to  provide  clooe  contact  between  the  head  oectlcn 
and  the  bosa  flange. 

Ths  cylindrical  section  was  rolled  froa  0.015  ca  (0.006  In.)  thick  SS  304 
foil  and  VOS  roll -re  si  stance  seoa  welded  to  tha  required  dloaeter. 

The  liner  coagnoents  vere  Joined  by  roll -res  isteaee  seea  veldlag  efter  being 
fixed  In  position  by  spot  welding.  The  bosses  were  first  welded  to  the  heeds. 

The  doubler  was  used  over  the  heed  to  alnlBlte  deaoge  to  the  thin  liner  end  to 
assure  veld  Integrity  and,  thus,  prevent  leakage.  The  heede  were  then  Joined 
to  the  cylinder  with  the  aid  of  a  curved  electrode  Ineerted  through  the  boee 
opening. 

Two  look  ohecke  vere  node  on  each  tank  UnOT— the  first,  a  soap  eolutloo 
look  test  under  on  Internal  pressure  of  48  x  103  n/n?  (7  pel)>  end,  the  sec nod, 
a  hellun  leak  check  with  a  ness  spectroaiter  at  a  preeeure  dlfTerentloX  of 
13O  X  103  n/o?  (20  psl).  All  liners  passed  the  tests. 

Following  tha  hellua  leek  check,  the  liners  vere  cleened  end  etched.  In 
accord  with  Aerojet  Process  Standard  AOC  1221  which  requires  eletolng  In  e 
solution  of  63i  nitric  acid  and  O.kf  hydrofluoric  acid,  loeh  liner  was  dried 
and  wnclosed  in  a  polyethylene  beg  until  It  vae  ueed  for  fUiMot  winding. 
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APPESDK  E 

VESSEL  WIHDIHG  fROCEDURE 


Appendix  B  contains  a  description  of  the  fibers,  tne  vessel  viiidlng  and 
curing,  and  the  prcbleos  encountered. 

1.  Graphite  Fllanent 

The  graphite  fllastent  used  for  the  winding  of  the  t%-elve  vessels  was  supplied 
by  KOL.  In-process  Impregnation  of  vet  resin  was  required  by  the  contract. 

a.  Thomel  50.  TVeJve  450  gm  (one-pound)  rolls  of  Thomel  50  were  8ur.p'J.ed 
for  the  winding  of  the  first  six  vessels.  The  manufacturer  of  the  yem  (union 
Carbide)  provided  tensile  strength  end  sudulus  data  sarhed  on  each  roll.  These 
data  are  shown  in  Table  1  of  the  sain  text. 

The  cross-sectional  area  of  Thornel  yam  is  approximately  one -sixth  that 
of  aao-end  glass  fllaoent  roving.  Longitudinal  winding  with  such  a  small  eo-ea 
yam  can  lead  to  excessive  buildup  of  the  cooposlte  around  the  polar  bosses  of 
a  pressure  vessel  unless  a  number  of  yams  are  gatnered  to  fora  a  wider  ribbon 
or  tape.  A  nunfcer  of  cosblnatlonB  of  yam  court  (simulated  by  a  tliree-end  glass 
roving  representing  each  Thomel  yam),  turns  per  revolution,  and  revolutions 
per  vessel  were  tried  for  longitudinal  winding  to  minimize  the  buildup  at  the 
boss.  A  review  of  the  results  led  to  the  selection  of  two  ysun  bundles,  each 
bundle  consisting  of  six  Thomel  50  yams,  for  the  longltiiillnal  winding.  For 
hoop  vlndlng,  a  single  bundle  of  six  yams  was  selected.  This  information  was 
used  in  the  design  analysis  and  winding  pattern  calculations,  Appentlx  C. 

In  support  of  this  concept  of  six -yam  bundles,  six  rolls  of  Thomel  50 
yam  were  cc,’. hated  into  a  bundle  and  rewound  on  a  Leesona  way-winding  machine, 
stopping  after  collation  of  enough  material  for  the  winding  of  one  vessel.  After 
the  first  vessel  was  siKcessfuUy  wound,  the  balance  of  Ihomel  50  yam  was 
collated  into  six -yam  rolls. 

During  the  collation  process,  numerous  breaks  eu>d  splices  were  encounter¬ 
ed  in  the  yam  as  it  paid  off  from  the  spool.  At  times  the  yam  broke  at  ten¬ 
sions  estimated  at  less  than  one-tenth  kilogram  (one-quarter  pound)  per  yam. 
Visual  inspection  of  the  rolls  showed  small  surface  cuts  across  the  exposed 
c  rface  0.  the  yam  as  received.  Also,  the  broken  end  of  one  ply  of  the  yam* 
was  buried  under  adjacent  winding  turua;  tblo  was  Judged  to  be  the  cause  of 
some  of  the  breakage.  A  third  source  of  Ireakage  was  the  presence  of  yam 
splices  in  the  os-received  roll,  nunJjering  from  five  to  eight  per  roll.  These 
splices  were  found  to  be  wound  into  the  roll,  apparently  without  allowing  time 
for  th»  splicing  glue  to  dry.  This  tended  to  moke  the  splice  stick  to  the 
balance  of  the  roll,  causing  breakage  during  offvlnding. 


»  Thomel  50  yam  is  composed  of  two  plies  of  Y?0  filaments  each. 
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The  number  of  break!  encountered  during  the  re-epoollng  proeaaa  varied 
from  two  to  twenty  per  roll.  It  la  eatlmted  that  the  r«-apoollng  taaalon  on 
the  six -yam  bundle  vaa  between  0.9  and  1.8  kllogmaa  (two  and  four  potada)  for 
the  bundle.  Although  the  re-apooling  cauaad  breaJu,  It  alao  upgraded  the 
re-spooled  material  where  1.6  kllograna  (four  pounda)  winding  tanalon  could  be 
applied  to  the  bundle  during  aubaequent  veaael  w Indlng,  thua  nlnlnlalng,  though 
not  eliminating,  breakage  at  tbla  point. 

b.  Morganlte  II.  Five  and  four-tentha  kllograna  (twelve  powkU)  of  Horganlte 
II  tow  were  fumlehed  for  uaa  on  the  contract.  Shlpnant  waa  In  three  lota  of 
1.0  kllograna  (four  pounda)  each,  with  a  total  of  alstean  rolla. 

The  Initial  ahlpnent  auatalned  axtrena  handling  danaga,  la  splta  of  the 
veil -designed  packaging.  The  denting  of  aetal  caaa  turroundlng  tha  plastic 
spools  waa  so  severe  that  tha^  cardboard  euahlooa  wrapped  around  tha  eontlsuous 
tow  were  coi^iected  tightly  on  the  eurfaee  of  the  spooled  Ibr^mlta  tow.  The 
supplier '■  values  of  tenalla  strength  and  nodulus  wara  not  narkad  on  tha  roll 
or  container  but  ware  provided  on  a  aupplanantary  sheet  or  were  piovlded  to 
Aerojet  by  BOL. 

Tba  tow,  as  racalvad,  waa  aeveraly  lacking  In  eroaa-sactlonal  wlfomlty 
end  Integrity  end  dleplayed  nuneroua  anarla  and  spooling  effects  which  con¬ 
tributed  to  tow  breakage  during  veeeel  winding.  The  ragged  eonatruetioo  of 
the  t<»  led  to  pickup  of  fUaneats  fron  one  turn  by  edjacait  tuma  until  finally 
n  sufficiently  eaaOl  cross-aectloo  rwalned  ao  that  a  1.8  kUograa  (four-pound) 
tension  resulted  in  tow  breakage.  Tow  breakage  during  winding  oeeurrad  on  the 
average  of  one  or  two  Unas  per  veeeel.  Tite  eroes-eeetlonal  area  of  Narstnlte 
li  tow  was  aufflolently  large  to  allow  veeeal  winding  ualng  two  towe  on  the 
longitudinal  node  without  eneovaterlng  eewere  buildup  around  the  polar  boaeee. 

2.  rreparatlon  for  Fllaaent  Winding 

A  resin  adhesive  was  applied  to  the  liner  before  fllaaent  winding  to  better 
distribute  the  expansion  of  ths  thin  astal  liner  to  tha  graphlts  cosvoslts 
during  pressure  tasting.  Tba  process  consisted  of  cleaning  the  liner  with  a 
paste  cleaner,  prljdxtg  It,  and  applying  the  adheelve,  uelng  a  thin  nylon  ecrla 
cloth  over  the  aetal  liner  to  provide  a  uniform  adheelve  thiekneee  of  approal- 
DBteiy  O.OOC  ca  (0.0)3  In.). 

3.  Vessel  Winding 

The  tanka  were  filaaent  wound  \islng  a  coablnatlon  longitudinal-  and  boop- 
witviing  nachlne. 

The  winding  abaft  vaa  installed  In  the  liner,  aowtad  In  tha  winding  eaehlna, 
and  Uie  adhesive  ayataa  applied  to  the  liner.  The  longitudinal  pattern  vaa 
tried,  ualng  2C-<'nd  glass  roving  to  confira  tha  winding  pattern.  Tre  to  three 
plica  of  No.  U2  glaaa  cloth  fsdTrlc  vers  applied  to  the  liner  veld  arees  for 
fairing-in  the  lap  Joints  used  In  roU-raslstanee  seaa  welding. 

An  epoxy-resin  system  consisting  of  Epco  826,  T16A,  Bqpol  lOlO  and  BDMA 
(reain  2)  was  used  for  fllsuamit  winding,  aa  specified  frora  Teak  I  work.  Cb  the 
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first  vaascl  (Thomel  JO  vessel  T-l),  the  resin  wss  brushed  00  the  liner  sivl 
the  conpoalte  during  winding,  with  fllsoent  tensioning,  before  iign'ecnetion, 
provided  by  a  hysteresis  type  of  tensioning  device.  The  HOt  Progrui  Muisger 
advised  that  a  better  "wetting-out"  of  the  fiUiwrnt  could  be  sttAlasd  on  a 
nontencloned  graphite  yam.  Accordingly,  the  resin  systea  was  applle.1  on  all 
subsequent  vessels  (except  the  Last  Morganite  11  vessel)  by  passing  untenslOMd 
yam  througli  a  resin  pot  before  applying  tension  by  a  Prony  brake  tensioning 
d^lce.  Cd  the  last  Morganite  II  vessel  (Tank  M-6),  the  naterlal  furnished 
was  in  very  ragged  and  fuzzed  coodltlon  aal  a  brush  application  of  rosin  was 
used  to  adnlmize  dasage  to  the  yam  sustained  when  passing  tlie  wot  aaterlal 
through  subsequent  Prony  brake  and  payoff  rollers. 

cne  revolution  (two  layers)  of  resln-laiiropiated  graphite  yam  or  tor  was 
wound  longitudinally  over  the  liner  asaaahly  followed  by  three  layere  of  hoop 
windings  in  the  eyllndrleal  section.  ?or  Thomel  30  veseela  end  "three-thirds 
wslU"  Morganite  II  vessels,  the  aeqvtence  of  ons  longltudiaal  rervolxition  plus 
three  hoop  layers  was  repeated  two  sore  tlaea  to  develop  a  total  coavoeite  wall 
of  six  layers  of  longitudinal  end  nine  layere  of  hoop  wlndlnga.  In  the  "two- 
thirds  wsU"  Morganite  II  vessels,  only  two  revolutions  of  longitudinal  winding 
(four  layers)  and  alx  layers  of  h^  winding  were  depoaited.  Iba  winding 
nandrel  was  intarually  pressurised  to  eaiKtain  proper  else  and  ahape  aa  the 
fiber  windings  were  put  on.  Teaperature  aeneora  (copper ^onetantew  themo- 
couples  for  aahient  tad  liquid  nitrogen  te^srsture  teating,  and  platlnua 
resistance  transducers  for  liquid  nitrogen  and  liquid  bydro^  tasverature 
testing)  were  wrapped  into  the  coa|x>elte  wall,  under  the  laat  two  layere  of 
hoop  winding.  Krtensoaeter  ettachaent  pins  were  vowd  under  the  last  hoop 
layer.  ProblesM  encountered  In  fUsuasnt  winding  and  curing  of  tha  relatively 
thick  graphite  filsnent •wound  cosgioalte  are  dlaeuaead  in  a  eubeaquent  eeotlon. 

**.  Veesel  Curing 

The  contract  originally  apeclfled  that  the  veaeele  were  to  be  veciw-begged 
during  curing.  Accordingly,  a  study  was  perforid  twlng  flat  conpoelte  sections 
and  Aerojet's  standard  saall  filansnt -wound  test  bottles  (10.2  en  dianeter  by 
IJ.S  cm  long  (4  in.  dianeter  by  6  in.  long))  to  detemlne  the  approprlute  tine 
and  te^perature  of  the  first  stage  of  ourl^  at  which  vaeuiai  could  ha  ap^'Uad 
to  the  vessel  without  causing  excessive  equeesa-out  and  flow  of  the  rcela  and 
subsequent  relaxation  of  winding  tension.  Although  the  study  yielded  a  cure 
process  which  gave  the  flm  coigwslte  structure  desired  for  the  20.3  en  dla. 
by  33  cm  long  (8  In,  dia.  by  13  in.  long)  veesela  covered  by  this  progran, 
difficulty  was  encountered  in  the  vacuun  bag  cure  of  the  larger,  thicker 
vessels  and  the  vacuum  bag  technique  was  discontinued,  with  the  concurrence  of 
HOL,  after  the  cure  of  the  first  two  20.3  cn  (8  in. )  tanks.  Ineteed,  the 
composite  -was  staged  overnight  under  heat  lasg>t  at  a  teigwrature  of  32  to  66*C 
(125  to  130*p).  The  vessel  was  rotated  slowly  to  ellalnate  resin  ruttoff. 
Aithougti  the  resin  content  of  the  coegioeite  was  hitter  than  deslrad,  due  to  the 
wet-vlndlng  process,  the  overnight  stagteg  flnssd  the  structure  sufficiently 
so  that  bleed-out  and  relaxation  during  the  final  oven  cure  were  not  experienced 
to  any  great  degree.  The  flnsLL  oven  cure  cycle  was  two  hours  at  93*C  (200*r), 
two  hours  at  121*C  (250*T),  and  four  hours  at  l’»9*C  (300*y).  The  step-cure 
used  slow  rates  of  teqperature  increase  in  a  further  attei^t  to  alnlnize  resin 
flow -out.  Internal  presswe  waa  malntsdiwd  in  the  nandrel  throughout  the  cure 
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cycle.  After  cure,  the  vessel  ves  cooled  elovly  to  roon  tesvereture;  then  the 
V lading  shaft  removed.  Ihe  vessel  interior  ves  cleaned  and  dried  and  its 
final  weight  recorded  before  pressure  testing. 

5.  Winding  and  Curing  Problene 

Yarn  and  ply  breakage  in  the  case  of  Thomel  60  and  tow  breakage  in  the 
case  of  Morgonlte  II  was  a  serious  problea  during  fUoaent  winding.  The 
winding  tension  atteapted  when  the  nterlol  was  nanlng  ssoothly  woe  four 
pounds  for  the  bundle  of  six  Thomel  ysume  or  a  elngle  Morgonlte  tow.  Oood 
sections  of  Thomel  yams  hod  a  breaking  strength  of  1.8  to  2.7  kllogrmae  (four 
to  six  poundo)  and  Morgsnite  II  tow  showed  e  breaking  strength  of  about  36 
kilograms  (t'  pounds)  in  the  ea>reeeived  condltlone,  directly  fre*  the  roll. 

T)ie  low  breor.lng  strength  encountered  in  winding  is  attributable  la  port  to 
lock  of  uniformity  in  the  nsteriol,  tines  the  breaks  occurred  aony  tiaee  In 
both  types  of  materiel  In  ttroada  which  bad  not  os  yet  paaeed  through  the  reela 
pot,  Frony  brakes,  or  pay-off  rollera.  If  the  Thomel  $0  yam  hod  not  been 
previously  screened  by  ttae  eoUatloo  procedure,  the  Ineldenoe  of  breakage  would 
have  been  still  higher.  Ihaaege  of  the  yams  and  t(MS  through  pots,  rollera, 
and  brakes  caused  further  visible  domsge,  even  though  low  teaslon  (0.9  to  1.6 
kilograms  (two  to  four  pounla))  was  oolntained  and  squeegte  rollera  on  the 
resin  pot  were  padded  with  soft  rubber. 

wiien  the  low  breaking  strength  during  winding  Is  ocogporod  to  tha  brooking 
strength  of  a  cured  raeln-lsvrepiated  atroad,  o  gain  la  strength  of  30  to  100 
times  is  seen.  This  points  out  the  neoeesity  for  shear  tronafer  botwoon  tbe 
filaments  during  winding  with  the  wet  reeln  to  walntaln  acceptable  winding 
tension.  It  Is  believed  that  the  strase  transfer  my  be  Obtained  by  use  of  a 
ductile  but  advanced  prelnpregnated  ysm. 

Another  problea  in  tha  flloaent  winding  was  tbe  Inability  to  run  with  a 
lover  reeln  content,  os  a  result  of  tha  reqiilr— nt  for  In-prooees  reela  pot 
ingtregnatlon.  The  e^ueegee  rollers  were  run  with  light  pressure  and  soft 
podding  to  alnlMxe  flUneat  doaoge,  and  as  a  result,  reela  eootonte  by  weight 
were  60  to  60ji  whan  checksd  at  the  vaeael.  This  gave  a  tandaney  toward* 
slippage  In  the  winding,  which  was  complicated  on  loogltudlaal  winding  by  a 
relatively  large  boss-to-cba^>er  dloaeter  ratio  and  a  1.6  langth-to-dlonster 
ratio.  Tbe  slippage  woa  covsitersMted  In  several  ways,  first,  tbe  winding 
tension  vat  reduced  froa  1.8  to  0.9  kllograae  (four  to  two  pounds)  at  tbe 
knuckle  area.  Second,  the  reeln  in  tbe  l^aregoatlon  pot  was  hant^  to  k6*C 
(116^)  to  reduce  Ita  viscosity  and  reduo#  raeln  pick -up  by  tha  strand.  Third, 
th,  longitudinal  layers  were  advanced  In  their  cure  by  exposing  to  62*C  (l26*f; 
overnight  prior  to  additional  winding.  Uhso  onjor  breakage  was  eneountered, 
the  vlodlug  was  stopped  and  a  new  start  was  nods  with  on  overlap  froa  ooa  to 
tvo  centimeters  (one-half  to  three -^uortera  of  on  inch)  vide. 

The  probleas  of  light  tensloolng  and  filament  ellp,aga  resulted  In  a  "soft” 
wound  structure  with  high  resin  content.  Thickness  was  about  0.636  ca  (0.26 
in. )  thickness  and,  as  aantloned  previously,  difficulty  was  encountered  with 
vacuum  bog  curing  of  tbe  Initial  20.3  on  (8  In. )  dlaaster  vessel*. because  of 
fiber  wash.  Thia  caused  buckling  or  wrinkling  of  the  composite,  thus  destroy¬ 
ing  the  resalnlng  pretenslonlug  and  causing  serious  stress  concentration  eureas. 
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yplcaJ.  vacuuB-bo^ed  surface  la  shown  in  n^pire  5  of  the  aaln  text.  The  | 
uum-hogglng  process  was  therefore  discontinued  aoh  a  preataclag  and  final  > 
D  cure  without  coaQMsite  coopactlon  was  utilized.  The  relatively  thick  i 
phlte  filaiBsnt .wound  cosiposlta  caused  by  the  light  tension,  fUanant  ^ 
ppege,  and  high  resin  contact  was  a  structure  which  gave  visual  Indications 

being  leas  than  optlssua  In  strength.  1 
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APiwnax  T 

VESSKL  orifOGanc  rtai  proceduks  axd  ihsxruhs)taticii 

1.  Cryogaile-Teit  facility 

Liquid  nitrogen  (Ufg)  vai  uied  to  pretcurlze  the  vesseli  for  the  -195*C 
(-320*F)  teite,  with  the  preMurlzetlcn  r«te  regulated  by  gM  controlled  valves. 
The  test  fixture  consisted  of  a  vacuus  chaBher  vith  provlslODS  for  instrument 
leads  and  vacuum-jacketed  pressurization  lines,  nie  ebasber  interior  and  ex¬ 
terior  vere  coated  vith  alumlnun  paint  and  a  layer  of  aluminum  foil  vas  installed 
Inside  to  provide  additional  reflective  insulation. 

To  aid  in  i«a<ntA<n<r'g  miniMin  test  temperatures,  the  vessels  installed  in 
the  vacuum  chaiber  vere  equipped  with  external  cooling  coils  through  which 
liquid  cryogen  (nitrogen  or  hydrogen,  as  applicable)  vas  flomd  at  essentially 
atmospheric  pressure.  A  cylinder  of  reflective  foil  insulation  vas  used  orovnd 
the  exterior  cooling  colls.  The  vacuum  chasber  vas  pumped  dewn  to  $.3  x  10*2 
n/s^  (U  X  10**^  ma  Bg)  to  assure  malntenaitee  of  the  raqulrad  tetqieiatures.  n>e 
tank  teagperatures  vere  maintained  as  low  as  possible,  and  thermal  equiUbrivva 
vas  obtained  before  testing  was  Initiated.  Thermal  equilibrium  for  liquid 
nitrogen  testing  vat  defined  as  a  vessel  flange  or  skin  taq>srature  of  -184*0 
(-300*y),  or  lest,  vith  -190*C  (-310*?),  or  less,  at  the  vessel  outlet  vent 
line.  For  liquid  hydrogen  testing,  the  two  tesq.cratures  were  -240*0  and  -246*0 
(-400*F  and  -410*F),  respectively. 

2.  Instrmentatioo 

Temperatures,  longitudinal  ond  circumferential  strains,  and  internal 
pressures  of  the  vessel  test  specimen  vere  monitored  throughout  testing,  r^gure 
F-1  suews  the  InstruBBnt  locations. 

The  electronic  and  digital  equlpsent  used  for  these  measurements  vas  cali¬ 
brated  periodically,  against  standards  traceable  to  tbs  Maticnml  Sureau  of 
Standards,  by  the  Hstrology  Department  of  the  Aerojet  QiuOity  Control  and  Test 
DlvlBlon.  The  calibration  records  are  on  file  at  Aerojet. 

Platinum  resistance  thermometers  snd  copper-constsntan  tberaocouplss  vere 
used  in  the  -196*0  and  -253*C  (-320*F  and  -423*F)  tests.  The  measurements  vere 
made  on  the  exterior  surface  near  the  tangency  at  aae  end  of  the  tank.  In 
addition,  the  toqperetures  of  the  cryogenic  fluids  inside  and  outside  the  tank 
vere  recorded. 

The  Aerojot-developeo  "bov-tle"  extensometer  vas  used  to  make  strain 
msasurements.  It  consists  of  a  piece  of  beryllium  cD,.per  sheet  in  a  rccflgura- 
tion  that  provides  two  cantilever  beans  fitted  vith  bonded  strain  gages.  Hetal- 
foll  strip,  approximately  0.64  cm  (0.23  in*)  vide,  was  used  to  link  tbs  beam 
ends  to  the  ^ge-length  end  points.  Both  the  extensometers  snd  the  foil  stripe 
vere  positioned  against  the  test  vecsel  s'.uface.  The  small  deflections  of  the 
high -modulus  graphite -f  11  zment-vound  tanka  required  the  development  of  a  special 
how-tie  extensometer  configuration  that  would  accurately  measure  the  lew  strains 
encountered. 
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For  girth  (hoop)  atr«in  meAsureaenta ,  m.  tnln  meteiX  atrip  waa  placed  around 
the  cylinder  and  aecured  to  oppoalte  enda  of  the  extensooeter:  eircuaferentlal 
deflection  reaulted  in  a  proportional  output  of  the  gaeea  on  tha  cantilever 
bceima.  For  lon^tudinal -deflection  aeaeureawnte,  Mtal  atrlpa  were  affixed  to 
Instrumcntation-pln  terminals  wound  into  the  tank  near  the  ends  of  the  eyllndrl- 
cal  section.  The  stripe  were  run  aloe(  the  cylinder  loogltudlnally;  tha 
cantilever-beaa  ends  were  connected  to  the  ends  of  the  stripe  at  the  nldsoctloo 
of  the  tank.  A  longitudinal  aef lection  produced  a  proportional  straln-gaee 
output. 

The  accuracy  of  the  straia  gages  depends  on  the  gage  factor,  which  Is 
extremely  sensitive  to  cryogenic -tseperature  variations.  To  provide  the 
required  accuracy,  the  concept  of  controlled- teaperature  strain  transduction 
vaa  eiqployed:  Hoatera  ware  provided  to  maintain  the  gage  tsmperaturas  within 
their  cospensetlon  range,  end  a  eeneor  was  addad  to  racord  the  veseel -surface 
temperature  in  the  vicinity  of  the  exteneometer.  Tlila  eeneor  was  ussd  to 
verify  tijit  the  heat  input  to  ths  axtansomster  did  not  warm  ths  tank  surface 
significantly  in  the  region  of  the  tiaoeducer.  Tberoal  Inaulatloa  was  used 
under  the  heated  extensometers  to  nialnlts  boat  transfer  to  the  veseel.  The 
test  ds.ta  shoved  that  no  significant  veseel  warming  was  prodticed.  figures 
F-2  and  F-3  show  vessel  teiveraturea  during  test. 

Before  testing,  each  extsnsoMtsr  was  inatallsd  on  the  vesnl  and  sbuat 
c«.libmtcd  under  sablsnt  conditions  throughout  its  anticipated  range  of 
deflection.  The  gage  factors  did  not  vary  uader  cryogenic  conditions,  because 
the  Heaters  kept  the  gages  essentially  at  the  aifelcnt  tenperatuia.  Nonitorlne 
during  t.ie  cryogenic  tests  revealed  that  ths  gagtu  were  usually  nalntained  at 
2K  t  U*C  (75  ±20*f ).  Because  the  gage  factor  varies  only  1)1  per  3B*C  (100*r) 
ctwige  in  the  24*0  (75*f )  range,  there  was  negligible  loss  in  accuracy. 

To  calibrate  for  longitudinal  dlsplacemKits,  the  distancs  betvsen  the  bow- 
tie  attachment  pointi  or  terminals  (L,.}  was  carsfuUy  msasured.  The  Instrumnt 
and  iti  mstal-strip  extensions  wars  tnen  strstebsd  to  the  wimii  expected 
deflection,  using  eeeurately  determined  posltlone  (Uq).  Ibc  strain  was  cal¬ 
culated  aa  to  indicate  the  total  bS'Wesn  the  two  attachment  points.  To 

calibrate  tha  girth  sxtensomster,  tbs  tank  circumference  (Li)  was  smasured 
and  the  bow-tie  attachment  band  wae  moved  to  pgrodues  the  ■axlmum  expected 
deflection  (dL^).  The  girth  strain  was  esdculated  as  AIq,/lq,.  Calibration  was 
performed  under  airibient  conditions,  and  a  shift  In  the  aero  point  occurred  due 
to  thermal  contraction  when  the  tank  was  cooled  to  eryogenie  levels.  To  correct 
for  this  shift,  it  was  only  necessary  to  reset  ths  recorder  to  tero,  because  the 
repeatability  under  avDlent  conditions  was  essentially  linear  and  the  beaters 
maintained  ashlent  teaperaturss. 

Two  types  of  long-wire  strain  gages*  were  provided  by  BASA,  Lewis  Ressareh 
Center  for  evaluation  on  the  test  progrsm.  The  evaluation  was  desirable 
because  of  th-  <-xtreaely  low  cost  of  these  (^es.  Two  strain  gages  of  each 

•  Tlie  strain  gages  were  Model  Bo.  A-9  (cellulose -paper -backed)  and  Model  Bo.  AB-9 
(phenolic -glass -backed)  manufactured  by  BLH  Electronics,  Waltham,  Miss.,  a 
Division  of  Baldvln-Lina-lhmlltoo. 
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type  were  Installed  on  each  of  the  six  Morgoolte  II  vessels.  One  st/mln  sage 
of  each  type  was  installed  in  et«h  of  the  longitudinal  and  hoop  directions  using 
resin  2  (the  reoln  used  In  the  fllaiBent.viadlng  of  the  vessels;  as  on  adhesive. 
Ttie  strain  gages  vere  adhered  to  the  cured  surface  of  the  vessel  sad  the  vessel 
was  cured  on  oddltlonsLl  tvo  hours  at  149*C  (3*^*1' )i  adequate  for  the  thin  layer 
of  adhesive. 

Oi  tests  at  -195*C  and  -2.‘i3*Ci  the  strain  gages  felled  during  cool-dMin  of 
the  vessel,  as  evidenced  hy  a  sudden  open  circuit  obeerved  in  the  strain  gsge 
circuits,  and  thus  gave  no  strsdn  reeults. 

On  tests  of  vessels  at  ajd>lent  teiveratures  (Serial  Ho.  N-1  and  H-6)  the 
strain  e^ges  functioned  veil  and  shaved  reaeonohly  does  ogreeaent  vlth  the 
hov-tle  extensoMtera  used  ss  the  prlM  etrain  sMsisuresNnt  lastnasnte.  Ihe 
recorded  strain  li  plotted  for  coa^porleon  on  Figures  33  hod  40  of  the  min 
text.  Cn  vessel  M*6,  both  paper>bscked  strain  ^kges  recordsd  up  to  the  folluore 
level  of  0.4  to  0,5l>  strain,  hut  one  phenolic -backed  strain  ^ge  foiled  about 
half-vay  thx'ougb  the  teat  at  a  strain  of  0.29^,  giving  erratic  reed  Inge  at  that 
point  vhich  vere  attributed  to  adhesive  failure.  The  second  phenolic -becked 
gage  failed  to  give  representative  etrain  readings  at  any  tlsn  during  the  test, 
oosslbly  because  of  a  broken  vire. 

On  vessel  H-1,  three  strain  gsges  nsosured  strain  all  the  vay  to  the  vessel 
burst  point,  a  strain  of  0.4^.  Tvo  of  ths  strain  gegss  vere  pheaoUe -hocked 
and  ./DC  vas  paper-backed;  the  second  paper -hocked  gose  felled  to  provide  usehle 

roadingn. 

It  appears  that  each  of  the  tvo  typee  of  strain  gages  ore  occsptohle  candi¬ 
dates  for  further  evaluation  at  osdtient  te^ierature  but  should  be  used  redundant¬ 
ly  due  to  their  apparent  look  of  reliability.  Reduadont  use,  bwever,  odds 
additional  testing  cost  due  to  the  addltionsl  nudaer  of  Instnanatotlon  ehonnsls 
required,  end  there  le  no  saving  over  bov-tie  estensoneter  stroia  saosuresant. 
neither  of  the  tvo  types  of  long -vire  etroln  gogee  sppeore  feasible  for  eryogenie 
testing. 
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FIG.  F-1  LOCATION  OF  INSTRUMENTATION  ON  TEST  VESSEL 
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PRESSURE,  NEWTONS/METER* 


FIO ,  F-2  PRESSURE  VS  TEMPERATURE  -  LIQUID  NITROGEN  TEST 


PRESSURE,  POUNDS  FORCt'iNCH* 
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PRESSURE,  NEWTONS/METER* 


FIG,  F-3  'RESSURE  VS  TEMPERATURE  -  LIQUID  NITROGEN  TEST 
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I««l  far  low«l«ht,  enocMle  vs^amam  vaMMla  for  wsmoauntt  nmXtaA  la  MU, 
Lrrla  fvnUng  aa  Inraatl^^tloa  a«  m,  to  oManrt  cntpUto  fltor  M«o«ito  ptoparUM 
at  cxTOganlc  tai«araturaa.  tho  Intoatlfatloa  «at  divldoA  lato  ■la  taatof)  taXr  Uaka 
1  and  n  ara  raportad  baarala.  Mak  2  tMa  u  lavaatlpatlen  of  ■anUBlnal  prop^loa  of 
aoraral  flbora  and  raalas  aa  eo^^lto  ctraada.  tara,  aad  KOI,  rlaga  and  abMad  tbat 
oo^poalto  BoduU  laeraaaad  kj  0  to  <10^  at  <0199*0,  aad  eodpoaito  taaaUo  atraaitha  ; 
doeraaaad  ty  0  to  yjf,  Haadlag  fatlcaa  at  3<4  traatlai  atraaa  aad  1000  apaXaa 
datarlooratod  rlafa  load  «Imb  oold  tkaa  vfeaa  at  roea  ta^mtwt.  Aaaml  odatnetlaa 
taata  of  coapoaltaa  stovad  tba  ipapiiito  flban  to  aava  a  allidit  aagatlva  eoaftlelant. 
Coahliaad  vith  raalaa  la  eoavoaltoa,  tba  raala  aatrlz  would  aoipaartaaeo  «9  to  1«9^ 
■trala  wbaa  cold  dua  to  Ita  tlianal  eaatiaetlaa> 

taak  n  vaa  tte  daalca,  fatoloatlaa,  aad  toatlac  of  graililto  fUaaaat  woiaal 
praaaura  Taaaala  aad  vaa  eootraotod  to  tha  Aorolot-Oaaawkl  Cocpocatloa,  Aauaa,  Call* 
foroia.  Vaaaal  ultlaata  atrataa  of  0.8  to  0.39  fO(a>d,  wtaloli  ara  (oaorally  eoa* 
patlMa  with  tba  atalnlaaa  atoal  Uaara  uaad  or  wltb  otiiar  oaadldata  llaar  aatarlala. 
Tha  praaavow  vaaaal  parfonaaoa  factor  of  Tf/^  vboaad  tba  grapblta  vaaaala  to  ba  ooa- 
patltlva  vltb  boroo  aad  tvo>tblrda  aa  bleb  aa  flbarrlaaa. 
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